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ABSTRACT 


Results  obtained  in  the  qualitative  evaluation  of  glasses  from  sevei. 
IVA-VA-V1A  ternary  systems  as  high  temperature  infrared  window  materials  are 
given.  Four-component  glasses  formed  from  two  ternary  systems  were  prepared  and 
characterized.  The  pertinent  physical  properties  of  non-oxide  cha^cgeniHe 
glasses  are  summari zed.  Several  specific  glass  compositions  wo"-  fabricated 
in  large  pieces  so  that  their  optical  and  related  physical  properties  could 
be  accurately  measured.  The  properties  of  a  glass  are  determined  by  their 
constituent  elements.  The  ratios  between  the  constituent  elements,  and  thus 
the  location  of  the  glass-forming  region,  are  found  to  depend  on  the  binary 
compounds  which  form  between  the  constituent  elements. 

The  physical  and  the  chemical  nature  of  non-oxide  chalcogenide  glasses 
were  investigated  using  infrared  spectroscopy,  x-ray  diffraction,  and  mass 
spectrometry  as  structural  tools.  It  was  found  the  materials  were  cova¬ 
lently  bonded  solids  and  their  refractive  indexes  could  he  predicted  using  a 
molar  refraction  approach.  The  source  of  most  unwanted  absorption  for  wave¬ 
lengths  below  25  microns  was  attributed  to  the  presence  of  trace  amounts  of 
metallic  oxides.  Infrared  absorption  and  x-ray  diffraction  results  indicate 
the  group  IVA  elements  silicon  at  j  germanium  form  zigzag  chains  with  the 
chalcogens,  while  the  group  VA  element  arsenic  tends  to  form  pyrami dal -type 
molectles.  The  chains  lead  to  a  stronger,  harder  gloss  than  ihe  pyrartida! 
arrangements.  In  Si-As-Te  and  Ge-As-Te  glasses,  mass  spectrometry  results 
indicate  the  presence  of  frej  or  loosely  bonded  arsenic,  arsenic  bonded  to 
tellurium,  and  arsenic  honded  to  silicon  and  germanium. 


A.  RAY  HILTON,  Project  Manager  P.  F.  KANE,  Manager 

Central  Analytical  Chemistry  Facility  Central  Analytical  Chemistry  Faciltiy 
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Office  of  Naval  Research  Contract  No.  38 ! C ( 00) 
in  cooperation  with  Advanced  Research  Projects  Agency 


INTRODUCTION 


The  investigation  of  non-oxide  chalcognide  glasses  as  infrnred  optical 

'  2 

materials  began  in  1950  when  R  Frerichs'*  rediscovered  As^S^  glass.  Since 

then,  infrared  transmitting  classes  have  been  the  subject  of  a  number  of  in- 

3-7  8-11  ,  .  12-14 

vestigations  in  this  country,  in  England,  and  in  Russia.  The 

investigation  undf  •*  way  at  Texas  Instruments  for  more  than  th-ee  years  has 

concentrated  on  ternary  glass  systems  containing  one  component  From  th?  group 

IVA  elements  (Si  or  Ga) ,  one  from  the  group  VA  elements  (r  As,  or  Sb),  and 

15 

a  chalcogen  (S ,  Se,  or  Te) .  Glasses  from  eight  ternary  elemental  systems  ’ 
have  been  evaluated.  Many  useful  glass  compositions  were  found,  but  none  had 
the  combination  of  excellent  infrared  transmission  in  the  8  to  14  micron  region 
and  a  high  softening  point  ( -5 00°C ) ,  the  ultimate  goal  of  the  orogram. 

Glasses  containing  at  least  four  constituent  elements  were  studied  in 
the  second  Dhase  of  the  program.  Compositions  selected  represented  a  blend 
of  two  ternary  systems.  The  effects  of  a  single  constituent  element  on  the 
physical  properties  of  a  glass  were  measured  from  glasses  blended  between  two 
ternary  systems  differing  by  only  one  constituent  element  It  was  found  that 
the  magnitude  of  the  effect  depended  on  how  important  the  element  was  to  the 
structure  of  the  glass.  Large  pieces  of  the  most  promising  optical  materials 
were  fabricated  and  their  properties  quantitatively  measured.  As  a  group, 
the  materials  were  still  physically  weak  and  soft,  with  poor  thermal  character¬ 
istics 

Apparently,  s  change  in  approach  was  needed  for  further  improvements. 

In  the  third  and  final  phase  of  the  program,  the  essentially  experimental 
approach  was  abandoned  for  «  more  basic  program  aimed  at  developing  an  under¬ 
standing  of  the  strucutural  nature  of  the  non-oxide  chal cogeni de  glasses. 
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Specifically,  the  molecular  arrangements  in  glasses  from  the  Si-As-Te  and 
C,€  M'"Te  5YS terns  were  studied  from  physical  measurements  based  on  infrared 
spectroscopy,  x-ray  diffraction,  and  ms  spectrometry. 


II  QUALITATIVE  EVALUATION  OF  GLASSES  FROM  THE  IVA-VA-VIA  TERNARY  SYSTEM 


A  Expe rimen tal  Procedure 


1 .  Materials  Preparation 

A  large  number  of  samples  must  be  prepared  to  determine  the  glass-forming 
composition  region  of  a  three-component  system,  and  a  standard  method  of  prepa¬ 
ration  must  be  followed. 

In  this  experimental  program  all  samples  were  prepared  from  chemicals 
of  at  least  reagent  grade  purity.  The  various  compositions  were  weighed  and 
sealed  in  quartz  vials  while  under  less  than  1  micron  pressure.  Each  vial  was 
placed  in  a  rocking  furnace  and  slowly  raised  to  a  temperature  of  1000  to 
1100°C.  The  mixtures  were  left  in  the  furnace  as  homogeneous  melts  ana  allowed 
to  react  and  mix  from  16  to  40  hours.  Glasses  were  formed  by  quenching  the 
samples  to  room  temperature  while  in  air.  Usually  a  sample  could  be  identified 
as  glass  or  crystalline  by  visual  examination,  but  x-ray  diffraction  was 
used  if  there  was  any  doubt  concerning  a  particular  composition.  Samples 
suitable  for  optical  evaluation  and  softening  point  determination  were  cut 
from  the  glass  pieces.  The  optical  samples  were  polished  to  produce  plane 
and  paral lei  sides . 

2 .  Softening  Point 

The  standard  A5TM  method  for  determining  softening  points  of  oxide  glasses 
was  impractical  for  these  materials.  Instead,  a  simple  apparatus  such  as  the  on 
shown  in  Figure  1,  was  used  to  measure  a  "relative  softening  point."  The 
relative  value  was  obtained  when  the  sample  in  the  chamber  softened  enough 
to  move  the  quartz  rod  resting  on  the  sample,  which  in  turn  produced  a  movement 
of  the  indicator.  Glasses  of  known  softening  point  were  found  to  give  "relative 
values''  that  we«-e  somewhat  lower  (as  much  as  I00°C)  than  those  obtained  by  the 
standard  ASTM  method.  This  "relative  value"  is  a  fairly  accurate  measure  of 
the  useful  temperature  of  the  glass. 
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Figure  I  Softening  Point  Apparatus 


3 •  Optical  Properties 


The  infrared  transmission  (T)  was  usually  measured  from  2,5  to  25  microns 
wavelength.  Samples  were  1  to  3  mm  thick.  Reflectivity  (R)  was  measured 
from  samples  cut  from  the  rounded  end  of  the  glass  piece  to  eliminate  back 
reflections  in  the  transparent  region.  A  qualitative  estimate  of  the  refractive 
index  (n)  and  the  absorption  coefficient  (o)  could  be  obtained  by  solving 
the  simplified  equation 

_  /.  -.2  -OX 

T  =  (1-R)  e 

where  x  is  the  thickness  in  centimeters 

and  R »  . 

(n+1  j 


Precise  optical  constants  were  obtained  by  using  a  precise  measurement 
of  refractive  index,  a  measurement  possible  only  when  the  mater  al  is  very 
transparent  to  the  infrared  and  can  be  fabricated  in  large  prisms  or  optical 
wedges.  The  refract.ve  index  can  then  be  measured  accurately  to  four  or  five 
significant  numbers  using  the  external  attachment  designed  and  built  for  use 
with  our  infrared  spectrophotometer.  A  schematic  of  the  attachment  is  shown 
in  Figure  2.  The  instrument  acts  as  a  mor.ocnromati c  source  of  liqht,  and  the 
detection  system  of  the  instrument  tells  when  the  sample  (in  prism  form)  is 
rotated  at  the  proper  angle  for  the  refracted  ray  to  travel  back  through  the 
slit  system.  The  refractive  index  is  calculated  from  the  angle  readings. 

Such  measurements  were  carried  out  on  a  silicon  prism  and  produced  five-number 
agreement  with  the  literature  values. 


Precise  refractive  index  values  as  a  function  of  wavelength  can  be  used 
to  calculate  the  reflectivity  (at  normal  incidence)  accurately.  Measured 
transmission  values  obtained  from  samples  cut  from  the  prism  were  used  to  calcu¬ 
late  fhe  aosorpti^n  coefficient  from  the  more  exact  equation  ^ 

T  -  ihaikz; 

i-nV**  ' 
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Figure  2  Apparatus  fc-  Determining  Refractive  Index  of  Infrared  Glasses 
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The  calculation  was  programmed  and  performed  using  a  digital  computer.  The 
normal  method  of  calculating  optica!  constants  using  transmission  measurements 
obtained  from  samples  of  varying  thickness  was  not  used  because  *-he  samples 
were  not  homogeneous. 

4 .  Related  Properties 

a.  Hardness 

Measurements  were  made  using  a  Leitz  microhardness  tester.  Values 
are  recorded  on  the  Knoop  scale. 

o .  Thermal  Coefficient  of  Expansion 

Measurements  were  made  using  a  Brinkman  Dilatometer.  Value  are 
given  in  in./in.°C. 

c .  Resistivi ty  and  Die! ectric  Constant 

Resistivity  and  dielectric  constant  were  measured  on  several  samples 
using  a  General  Radio  type  716c  capacitance  bridge.  Aluminum  electrodes  were 
evaporated  onto  the  glass  surfaces.  In  some  cases,  gold  or  aluminum  was 
evaporated  onto  the  samples  and  only  the  resistivity  measured  using  a  Keithley 
61 OA  electrometer. 

d .  Physical  Strength 

The  measured  values  of  Young's  modulus,  shear  modulus,  and  bulk 
modulus  are  strongly  dependent  on  sample  size  and  perfection.  Suitable  glass 
samples  for  these  measurements  were  not  available;  accordingly,  only  the  tensile 
strength  measurement  was  attempted  on  a  few  samples,  using  a  Tinius-Oisen 
tensile  tester. 
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B. 


Resul ts 


*  *  Si  1 icon-Antlmony-Sulf ur  Glass  System 

The  results  obtained  from  36  samples  of  varying  composition  are  shown 
in  Table  I.  Samples  which  formed  glasses  are  marked  with  an  asterisk.  Soften¬ 
ing  points  and  comments  concerning  the  nature  of  each  sample  are  given.  In  the 
composition  diagram  in  Figure  3  the  glass-forming  region  of  the  Si-Sb-S  system 
is  outlined  with  solid  lines.  The  dotted  lines  enclose  a  composition  region 
in  which  a  homogeneous  glass  is  formed  over  an  immiscible  metallic  phase. 

Emission  spectroscopic  analysis  showed  the  homogeneous  glass  was  silicon-rich; 
the  metallic  phase  was  antimony  containing  1-10  percent  silicon. 

Attempts  to  form  glasses  in  higher  silicon  percent  regions  were  made 
using  a  Glo-bar  rocking  furnace  capable  of  obtaining  temperatures  up  to  1400°C. 
However,  at  the  higher  temperatures  the  reaction  mixture  reacted  with  the  quartz, 
resulting  in  a  blow-out  of  tkn  vial  and,  of  course,  failure  of  the  furnace. 

All  the  glasses  reacted  readily  with  the  atmosphere  and  gave  off  hydrogen 
sulfide.  They  varied  in  appearance  from  dark  red  to  metallic,  but  when  ex¬ 
posed  to  the  atmosphere,  all  reacted  with  moisture  and  were  gradually  covered 
with  a  film.  Only  one  composition  showed  any  appreciable  infrared  transmission. 
The  results  indicate  the  Si-Sb''  'stem  will  produce  no  optical  materials  of 
practical  importance. 

2 .  Si  1 icon-Antlmony-Selenium  Glass  System 

Results  obtained  from  42  samples  of  different  composition  are  given  in 
Table  II.  Samples  that  formed  glasses  are  marked  with  an  asterisk.  The  measured 
softening  points  ranged  from  a  maximum  of  k30°C  to  a  minimum  of  163°C  for  85 
percent  selenium  glass. 

Every  sample  was  found  to  react  somewhat  with  the  atmosphere  and  give  off 
hydrogen  selenide.  The  degree  of  reactivity  with  the  atomosphere  for  each  sample 
is  also  noted  in  the  table.  Some  samples  were  stable  with  respect  to  the 
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Figure  3  Si-Sb-S  Gless  Composition  Diagram 
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atmosphere  over  long  periods  of  tirr«  (weeks),  while  the  surface  of  others  seemed 
to  decomoose.  All  the  glasses  were  bad'y  attacked  when  heated  in  atmosphere. 

The  ^.ass-forming  composition  region  in  the  si  1  icon-entimony-selenium  system 
is  shown  by  the  solid  lines  in  Figure  4.  Some  compositions  of  samples  in  the 
boundary  region  were  rechecked  and  are  marked  by  a  circle  around  the  composition 
point.  The  glass-forming  region  is  substantially  smaller  than  that  of  the  s*l icon- 

antimony-sulfur  system,  and  none  of  these  samples  showed  the  glass  3nd  metallic 
two-phase  separation  found  in  the  other  system. 

Several  glass  samples  showed  good  infrared  transmission  from  3  to  7  microns 
but  all  showed  strong  infrared  absorption  at  9.5,  12,  15,  and  17  microns  wave¬ 
length,  The  index  of  refraction  determined  by  reflectivity  measurements  varies 
from  2  to  about  3.5,  depending  on  composition.  Glasses  from  the  Si-$b-Se  system 
will  not  be  useful  as  high  temperature  optical  materials  from  8  to  14  microns. 

3 .  The  Silicon-Phosphorus-Tellurium  Glass  System 

Results  obtained  foi  39  different  compositions  in  the  Si-P-Te  system  are 
;hcwn  in  Table  III  The  qlass-forming  composition  region  is  enclosed  with  the 
solid  line  in  the  composition  diagram  shown  ir  Figure  5.  The  region  is  smaller 
than  that  of  the  Si-As-Te  system,  and  only  about  one-half  >  one-third  of  the 
area  produces  glasses  of  good  quality,  with  softening  points  below  200"C.  The 
absorption  coefficient  (o  cm  ' )  and  index  of  refraction  of  tnree  samples  are 
shown  in  Figure  6.  Thece  values  were  calculated  from  transmission  and  re¬ 
flectivity  measurements .  Note  the  slight  absorption  at  14  microns  and  the  strong 
absorption  at  20  microns  (as  shown  by  an  increase  in  a).  The  same  absorption 
is  found  in  the  Si-As-Te  glasses  Infrared  transmissions  of  the  SiTe^  glass 
showed  absorption  Dands  at  10,  14  and  20  microns.  The  cause  of  these  three 
bands  is  probably  che  same  in  all  three  glass  systems. 


Se 
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Si2$e3 {?} 

Figure  4  Si-Sb-Se  Glass  Composition  Diagram 
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Figure  5  Si-P-Te  Glass  Composition  Diagram 
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Figure  6  Absorption  Coefficients  of  Si-P-Te  Glasses 


The  Germarium-Phosphorus-Sul fur  System 


The  Ge-P-S  s/stem  has  a  larqer  glass-forming  region  than  any  other  system 
studied  in  this  investigation.  Results  obtained  from  63  samples  of  different 
composition  are  shown  in  Table  IV.  The  measured  softening  points  are  as  high 
as  520°C ,  and  the  glasses  show  very  good  transmission  in  the  3  to  5  micron  re¬ 
gion.  The  glass-forming  region  determined  from  these  composition  points  is 
enclosed  with  the  solid  line  in  Figure  7.  The  dash-dot  line  encloses  the  compo¬ 
sition  region  in  which  glasses  show  at  least  Stit  transmission  in  the  3  tc  5 
micron  region  (thickness  ^ l  mm),  while  the  dashed  line  erclcsec  the  region  in 
which  the  measured  softening  point  is  greater  than  480°C .  The  region  common 
to  all  three  (shaded)  represents  the  compositions  which  should  produce  the  best 
material  for  high  temperature  3  to  5  micron  applications. 

Large  samples  of  three  promising  compositions  (68,  1 0 * ,  and  102),  two  from 
the  shaded  region,  have  been  made  and  studied  in  detail.  Plots  of  absorption 
coefficient  vs  wavelength  for  the  three  glasses  are  given  in  Figure  8.  Note 
that  the  refractive  indexes  of  the  glasses  are  not  hi gh ,  2.1  to  2.3.  A  non¬ 
absorbing,  low  index  glass  would  not  have  to  be  anti  ref  lection-coated  when  used 
as  a  window  material.  The  glass  containing  no  phosphorus  (4102,  GejSj)  shows 
very  good  transmission  to  12  microns,  while  the  Ge-P-S  glasses  cut  off  at  about 
7  microns.  A  slight  absorption  occurs  from  3.9  to  4.0  microns.  The  location 

1  2 

of  the  band  varies  slightly  with  composition.  As  in  the  case  of  As^S^  glass, 
the  band  results  from  dissolved  H?S .  Heating  samples  to  a  molten  state  (600°C) 
while  flushing  them  with  an  inert  gas  (argon)  substantially  reduces  the  absorp¬ 
tion  hand. 

Transmission  of  all  three  glasses  has  been  measured  while  they  were  ex¬ 
posed  to  the  atomosphere  at  high  temperatures  (up  to  500°C)  for  periods  of  at 
least  one  hour.  In  the  region  from  1  to  8  microns  variations  of  only  ±3%  for 
a  1.5  mm  sample  were  observed  during  the  one-hour  period.  There  was  enough  in¬ 
stability  in  the  infrared  instrument  used  in  making  the  measurement  to  account 
for  the  change.  There  was  no  appreciable  change  in  the  transmission  of  glasses 
68,  101,  and  1 C2  under  these  '•onditions.  One  sample  of  68  was  subjected  to 


TABLE  IV 

Ge-P-S  Glass  Samples 


Samp  le 

No. 

Ge~ 

Atom. 

P_ 

S_ 

Softening  Point 
(°C) 

Remarks 

6 

20 

20 

60 

5  CO 

Stable  Glass 

7 

25 

25 

50 

475 

Stable  Glass 

57 

25 

15 

60 

485 

Stable  Glass 

58 

25 

20 

55 

510 

Stable  Glass 

59 

30 

20 

50 

465 

Stable  Glass 

60 

30 

25 

45 

470 

Stable  Glass 

61 

25 

30 

45 

465 

Stable  Glass 

62 

20 

30 

50 

485 

Stable  Glass 

63 

20 

25 

55 

475 

Stable  Glass 

64 

15 

25 

60 

470 

Stable  Glass 

65 

15 

20 

65 

400 

Stable  Glass 

66 

20 

15 

65 

465 

Stable  Glass 

67 

25 

!0 

65 

490 

Stable  Glass 

68 

30 

10 

60 

520 

Stable  Glass 

69 

30 

15 

55 

500 

Stable  Glass 

70 

35 

15 

50 

425 

Stable  Glass 

71 

35 

20 

45 

410 

Stable  Glass 

72 

35 

25 

40 

405 

Stable  Glass 

73 

30 

30 

40 

420 

Stable  Glass 

74 

25 

35 

40 

465 

Stable  Glass 

75 

20 

35 

45 

- 

Glassy,  Two  Phase 

76 

15 

35 

50 

515 

Stable  Glass 

77 

15 

30 

55 

510 

Stable  Glass 

78 

10 

30 

60 

380 

Stable  Glass 

79 

10 

25 

65 

330 

Stable  Glass 

80 

10 

20 

70 

275 

Stable  Glass 

81 

15 

15 

70 

325 

Stable  Glass 

82 

20 

’0 

70 

375 

Stable  Glass 

83 

25 

5 

70 

400 

Stable  Glass 

84 

30 

5 

65 

500 

Stable  G  1<  ss 
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Sample 

No. 

gT 

Atom.  / 
P_ 

TABLE 

t 

2 _ 

5 

IV  (Continued) 

Softening  Point 

(°C)  . 

Remarks 

86 

40 

5 

55 

375 

Stable  Glass 

87 

50 

5 

45 

- 

C  rys  ta 1 1 i ne 

88 

40 

15 

45 

- 

C  rys  ta  1  1  i  ne 

39 

40 

30 

30 

- 

Stable  Class 

90 

45 

20 

35 

425 

Stable  Glass 

91 

45 

5 

50 

- 

Crys  ta 1 1 i ne 

92 

45 

10 

45 

- 

Crysta 1 1 ine 

93 

50 

15 

35 

455 

Stab le  Glass 

94 

50 

25 

25 

520 

Glassy 

95 

60 

5 

35 

- 

Crysta 1 1 i ne 

96 

60 

20 

20 

- 

Crystal  1 ine 

97 

50 

35 

15 

- 

Decomposed 

98 

35 

35 

30 

450 

Stable  Glass 

99 

In 

10 

50 

400 

StaGie  Glass 

100 

35 

10 

55 

420 

Stable  Glass 

101 

35 

5 

60 

480 

Stable  Glass 

102 

40 

- 

60 

420 

Stable  Glass 

103 

40 

40 

20 

450 

Stable  Glass 

104 

30 

45 

25 

415 

Stable  Glass 

106 

20 

45 

35 

440 

Stable  Glass 

107 

40 

20 

40 

380 

Stable  Glass 

108 

55 

10 

35 

- 

Crystals  in  Glass 

109 

55 

20 

25 

- 

Crystals  in  Glass 

1  iO 

30 

55 

15 

460 

Stable  Glass 

1 1 1 

10 

50 

40 

520 

Stable  Glass 

1 1? 

35 

- 

65 

- 

Crys  ta 1 1 i ne 

113 

10 

10 

80 

285 

Stable  Giass 

1 14 

5 

30 

65 

- 

Two  Phase  Glass 

115 

15 

65 

20 

- 

Exploded  on  Cooling 

135 

40 

50 

10 

- 

Exploded  on  Cooling 

136 

20 

55 

25 

- 

Exploded  on  Cooling 

137 

15 

50 

35 

- 

Crys  ta 1 1 i ne 

138 

10 

40 

50 

- 

Crystal  line 
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Figure  7  Composition  Diagram  for  Ge-P-S  Ternary  Glass  System 
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WAVELENGTH  IN  MICRONS 


Figure  8  Absorption  Coefficients  of  Ge-P- 


S  Glasses 


this  test  three  times  with  no  apparent  damage.  It  is  interesting  to  note  tnai 
the  measured  softening  point  of  glass  102  is  only  420°P.,  yet  it  suffered  no 
damage  at  500°C. 

5 .  The  Germanium-Phosphorus-Selenium  System 

Results  obtained  from  27  compositions  are  shofn  in  Table  V.  Softening 
points  are  ns  high  as  450°C ,  and  the  glasses  show  good  transmission  in  the  3 
to  5  micron  region.  The  glass-forming  region  determined  from  these  composi tions 
is  enclosed  by  th  solid  line  in  Figure  9.  The  area  is  substantial  compared 
to  other  systems  but  is  considerably  smaller  than  that  of  the  Ge-P-S  system. 

The  absorption  coefficient  as  a  function  of  wavelength  for  a  typical  sample 
(No. 2)  is  shown  in  Figure  10.  Two  samples  of  Ge-Sc  glasses  (Numbers  129  and 
130)  containing  no  phosphorus  are  also  shown.  In  general,  the  Ge-P-Se  glasses 
have  higher  refractive  indexes,  lower  softening  points,  less  chemical  stability, 
and  poorer  optical  quality  than  Ge-P-S  glasses.  Their  only  advantage  is  that 
they  do  not  show  the  4-micron  absorption  band;  however,  when  this  band  is  present 
in  other  glasses,  it  can  be  easily  removed.  The  Ge-P-Se  glasses  have  no  practical 
advantage  over  the  Ge-P-S  glasses. 

6 .  The  Germanium-Arsenic-Tellurium  System 

Table  VI  show  results  obtained  from  46  different  compositions.  Two 
glass-forming  regions  are  determined  by  those  composition  points,  as  shown 
in  Figure  II.  Both  region »  lie  in  a  low  germanium  content  region  and  therefore 
have  low  softening  points,  ranging  from  135  to  270C.  Some  of  the  glasses  showed 
two  distinct  amorphous  phases,  indicating  an  immiscible  system  in  this  composi¬ 
tion  region.  No  attempt  was  made  to  study  the  individual  phases. 

The  infrared  transmission  of  Ge-As-Te  glasses  is  essentially  free  from 
absorption  bands  out  to  20  microns.  However,  all  have  high  refractive  indexes 
(3.0  to  3.5)  and  low  softening  points  ( 1 50°C  to  200°C).  Refractive  index  and 
absorption  coefficient  as  a  function  of  wavelength  for  three  samples  are  shown 
in  Figure  12.  The  refractive  indexes  are  the  average  value  for  8  to  14  microns. 
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TABLE  V 


Ge-P-Se 

Glass  Samples 

Samp  le 

Atom. 

7 

fa 

Softenina  Point 

Nc . 

Ge 

P 

Se 

rh 

Remarks 

2 

20 

20 

60 

420 

Stable  Glass 

8 

20 

10 

70 

o 

o 

c<\ 

Stable  Glass 

9 

10 

20 

70 

210 

Stable  Glass 

1 1 

50 

25 

25 

- 

C  rys  ta 1 1 i ne 

1 16 

15 

15 

70 

280 

Stable  Glass 

117 

25 

10 

65 

400 

Stable  Glass 

1  18 

25 

20 

55 

450 

Stable  Glass 

1 19 

15 

25 

60 

350 

Stable  G'ass 

120 

35 

10 

55 

410 

Stabio  Glass 

121 

35 

20 

45 

- 

Crys  ta  i  1  ine 

122 

35 

30 

35 

- 

Crys  ta  1  1  i  ne 

123 

?S 

30 

45 

380 

Stable  Glass 

124 

15 

35 

50 

380 

Stable  Glass 

125 

45 

10 

45 

- 

Crysta 1 1 ine 

126 

45 

20 

35 

- 

Crys  ta 1  line 

127 

45 

30 

25 

Exploded  on  Cool ing 

126 

30 

40 

30 

- 

Exploded  on  Cooling 

129 

25 

- 

75 

300 

Stable  Glass 

130 

40 

- 

60 

360 

Stable  Glass 

131 

45 

5 

50 

- 

Crys  ta 1 1 i ne 

132 

30 

30 

40 

- 

Cr  ys  ta  1  1  i  ne 

133 

20 

40 

40 

- 

Decomposes 

134 

10 

40 

50 

- 

Crystals  in  Glass 

139 

40 

10 

50 

160 

Stable  Glass 

140 

10 

35 

55 

310 

Stable  Glass 

141 

5 

35 

60 

180 

Stable  Glass 

142 

l 

> 

25 

70 

- 

Crys  ta 1  line 
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WAVELENGTH  IN  MICRONS 


Figure  !0  Absorption  Coeffici 


ents  of  Ge-P-Se  Glasses 


TABLE  Vi 


Ge-As-Te  Gl^ss  Samples 


_ 

Atom.  % 

Sample  No, 

Ge 

As 

Te 

Softening  Point 

143 

10 

10 

80 

Two  phases 

i  44 

:o 

5 

75 

— 

145 

30 

5 

65 

— 

146 

40 

5 

55 

— 

14/ 

40 

30 

30 

— 

148 

25 

35 

40 

— 

149 

15 

35 

50 

— 

150 

5 

30 

65 

Two  phases 

151 

15 

25 

60 

— 

152 

15 

15 

70 

160°C 

153 

25 

15 

60 

— 

!58 

10 

20 

70 

135°C 

159 

10 

35 

55 

— 

160 

5 

45 

50 

150°C 

161 

0 

40 

60 

— 

162 

10 

0 

90 

— 

163 

20 

0 

8o 

164 

15 

45 

40 

Two  phases 

165 

5 

55 

40 

I90CC 

166 

0 

20 

80 

— 

173 

15 

5 

80 

Two  phases 

174 

10 

15 

75 

152  *  C- 

175 

20 

45 

35 

— 

176 

15 

55 

30 

Two  phases 

177 

10 

55 

35 

230°C 

178 

10 

50 

40 

250°C 

179 

5 

50 

45 

185°C 

180 

5 

60 

35 

200°C 

18! 

10 

25 

26 

65 

164  ,,C 

TABLE  VI  (Continued) 


Atom.  % 


Sample  No.. 

Ge 

As 

Te 

Softeninq  Point 

182 

15 

10 

75 

162  °C 

183 

’5 

20 

65 

— 

184 

10 

5 

85 

— - 

185 

10 

60 

30 

268°C 

186 

15 

50 

35 

250oC 

187 

15 

60 

25 

— 

188 

55 

40 

45 

Two  Phases 

189 

5 

10 

85 

— 

190 

20 

50 

30 

— 

19! 

10 

65 

25 

235°C 

192 

5 

65 

30 

205  °C 

193 

20 

10 

70 

— 

194 

20 

15 

65 

195 

5 

15 

80 

— 

196 

20 

4o 

4o 

— 

<97 

10 

4o 

50 

!90#C 

198 

5 

40 

55 

--  - 

27 


ABSORPTION  COEF.  {CM- 


02647 


♦  #165  GeAs, 


•  #177Ge2Asu 

•  #197GeAs4T 


WAVELE1 


Figure  12  Absorption  Coefficii 
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15 


20 


of  Some  Ge-As-Te  Glasses 


- 


Absorption  coefficients  for  all  three  glasses  are  very  low  in  comparison  to 
other  systems.  It  was  necessary  to  expanr1  the  absorption  coefficient  scale  by 
a  factor  of  1 0  to  show  wavelength  variations.  The  Ge-As-Te  system  produced 
glasses  freer  from  absorption  bands  than  any  system  evaluated  thus  far.  It  is 
unfortunate  that  tne  softening  ooints  are  so  low  because  of  the  low  germanium 
content . 

7 .  The  Gcrmaniunv-Phosphorus-Tei  iurium  System 

Results  obtained  from  27  samples  of  different  compositions  are  shown  in 
Table  VII.  The  measured  softening  points  range  from  130°C  to  390c>C.  The  glass* 
forming  region  determined  from  these  composition  points  is  enclosed  by  the 
solid  line  in  Figure  13.  This  glass-forming  region  may  extend  further  toward 
the  phosphorus-rich  region,  but  because  of  the  high  vapor  pressures  involved, 
no  samples  containing  more  than  30  atomic  percent  phosphorus  were  prepared. 

The  chemical  stability  of  some  of  these  glasses  was  determined  and  results 
are  shown  in  Table  VIII,  along  witn  those  for  typical  Ge-As-Te  glasses.  Al¬ 
though  the  Ge-P-Te  glasses  are  somewhat  less  stable  than  Ge-As-Te  glasses,  the 
results  indicate  reasonable  stability. 

A  plot  of  infrared  transmission  versus  wavelength  for  the  Ge-P-Te  system 
is  shown  in  Figure  14.  These  glasses  are  essentially  free  of  absorption  bands 
out  to  20  microns  and  show  transmission  over  a  greater  wavelengtn  range  than 
any  glass  system  previously  reported.  The  refractive  indexes,  as  in  the  case 
of  the  Ge-As-Te  glasses,  are  greater  than 

8  The  Tin-VA-VIA  Systems 


Results  obtained  from  19  compositions  are  shown  in  Table  IX.  During  sam¬ 
ple  preparation,  several  violent  explosions  occurred  at  relatively  low  (<  600°C) 
temperatures,  possibly  because  of  pressure  created  by  very  exothermic  reai-.*ons. 
Only  two  compositions  produced  glass,  SnAsSeg  and  SnAsSe^.  The  softening 
points  of  these  glasses  were  150°C  and  110°C,  respectively.  Because  of  the  low 


TABLE  VII 


The  Ge-P-Te  System 


Sample  Atom.  %  Softening  Point 


No. 

Ge 

P_ 

Te 

r  o 

199 

10 

30 

60 

Exp loded 

200 

15 

15 

70 

145 

201 

30 

10 

60 

C  rysta 1 1 1 ne 

202 

25 

25 

50 

Crystal  1 ine 

203 

35 

15 

50 

Exploded 

204 

25 

15 

60 

Crystal  1 ine 

205 

20 

15 

75 

165 

206 

10 

10 

60 

Crysta 1 1 ine 

207 

10 

20 

70 

Crystal  1 ine 

208 

15 

20 

65 

ISO 

209 

20 

25 

55 

Crystal  line 

210 

30 

20 

50 

Crystal  line 

211 

20 

20 

60 

C  rysta 1 1 i ne 

212 

20 

15 

65 

270 

213 

25 

10 

65 

390 

214 

35 

0 

K 

Crystal  1 i ne 

215 

15 

5 

80 

C  rysta 1 1 ine 

216 

15 

10 

75 

130 

217 

25 

5 

70 

Crystal  1  me 

218 

20 

10 

70 

Crystal  line 

219 

30 

5 

65 

230 

220 

30 

0 

70 

Crystal  line 

221 

25 

0 

75 

C  rysta 1 1 i ne 

222 

20 

0 

Zo 

Crystal  line 

CM 

CM 

10 

15 

75 

Crystal  line 

224 

25 

5 

;o 

Crystal  line 

225 

27 

8 

65 

Crystal  1 ine 
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Figure  13  Composition  Diagram  for  Ge-P-Te  Glass  System 
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Chemical  Stability  of  Ge-P-Te  Glass 
(Weight  Loss,  Grams/Gram) 
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SAMPLE  N2  200- 


SAMPLE  N2  218 


N«  200  Ge3P3Te|4 

REFRACTIVE  INDEX  ~  3.5 
THICKNESS  =  1,3  mm 
SOFTENING  P0INT~  140  * C 

N*  218  GezP  Te7 
REFRACTIVE  INDEX  ~  3.1 
THICKNESS  =2.4  mm 
SOFTENING  POINT  ~  230  *C 


WAVELENGTH  (  MICRONS  ) 


Figure  14  Infrared  Transmission  of  Some  Ge-P-Te  Glasses 


TABLE  IX 


The  Sn-VA-VIA  System 


Compos i t ion 

Results 

SnPS^ 

Crystal  line 

SnAsS^ 

Crysta 1 1 ine 

SnPSe^ 

Crysta 1 1 ine 

SnAsSe^ 

Crys  ta 11 ine 

SnPTe, 

3 

Exploded 

SnAsTe^ 

Crystal  tine 

WlS 

Crystal  line 

SnjAs^ S | ^ 

Crysta 1 1 ine 

SnPS 

Exploded 

SnAsS 

Exploded 

SnPSl8 

Exp loded 

SnAsSg 

Exploded 

Sn3Assl4 

Crystals  in  glassy  matrix 

Sn5As4S 1 1 

Crystal  line 

SWl3 

Crystal  line 

SnAsSeg 

Glass  -  softening  point  ~  150°C 

SnAsSe  jg 

Glass  -  softening  point  ~  I10°C 

SnAsTeg 

Crysta i 1 ine 

SnAsTe  ^  g 

Crystal  line 
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softening  points  and  the  difficulty  involved  in  preparing  these  compositions, 
work  was  abandoned  on  the  Sn-VA-VIA  glasses  in  favor  of  blended  glasses. 

9  Boron-Hrsenl c-V?A  Systems 

Three  glass  composi tions--B,AsS^ ,  B^AsSe^,  and  B^AsTe^--were  prepared  in 
a  preliminary  study  to  determine  the  potential  of  boron  as  a  glass-former  in 
various  chalcogenide  systems.  The  composition  containing  tellurium  did  not 
forrr  a  glass;  the  others  were  amorphous  but  were  very  reactive  and  decomposed 
when  exposed  to  the  atmosphere.  Boron  may  be  useful  as  a  glass  modifier,  but 
it  does  not  appear  premising  as  a  major  glass  con: ti tuent . 

1 t  Summary  of  the  IVA -VA-VIA  Evaliation  Resul ts 

The  qualitative  results  for  the  seven  ternary  systems  evaluated  under 

Contract  Nonr  381 0 ( 0 0 )  are  given  in  fable  X.  Results  of  the  first  system 

evaluated  at  Texas  Instruments  are  also  included.  The  results  for  all  but  the 

15,16 

last  two  system--  have  been  reported  ir  the  Mterature. 

The  meximum  softening  points  indicated  for  each  system  are  the  softening 
points  of  the  glasses  of  best  optical  quality,  not  the  highest  softening  point 
'-'btained.  The  S  i  -S  b -S  and  5i-Sb-Se  systems  are  chemically  unstable  and  have 
many  absorption  bands.  The  Ge-P-S  and  Ge-P-Se  glasses  have  high  softening 
points  and  moderate  refractive  indexes  but  suffer  from  strong  absorption  in 
the  8  to  14  micron  region.  The  best  glasses  for  8  to  14  micron  application  are. 
from  the  Si-As-Te,  Gc-As-Te,  and  Ge-P-Te  systems.  The  Si-P-Te  glasses  are  very 
-imilat  to  the  Si-As-Te  but  have  lower  softening  points  and  are  not  as  stable 
chemically.  Glasses  from  all  three  systems  have  high  refractive  indexes. 
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TABLE  X 


Ggnera]__Proe,erties  of  Bes Infrared  Transmittin< 
passes  From  Each  Ternary  System 


S ys tern 

Max  Sof 
Poi  n 

Si-P-Te 

!80°C 

S i -Sb-Se 

270cC 

Si-Sb-S 

280°C 

Ge  -P-Se 

420  JC 

Ge-P-5 

520°C 

Si-As-Te 

475  °C 

Ge-As-Te 

2  70°C 

Ge-P-Te 

380°C 

'in3  Refractive 

_  Index 

3.4 

3.3 

2.4  -  2.6 
2  0  -  2.3 

2.9  -  3.1 
~3.5 

—  3.5 


Absorotion 

i  to  5m. 

8  to  l4u 

No 

Slight 

Yes 

Yes 

Yes 

Yes 

S 1 i ght 

Yes 

Very 

S 1 i ght 

Yes 

No 

Slight 

No 

Very 

Slight 

No 

Very 

S 1 i ght 
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Rlended  glasses 


Glasses  from  a  particular  ternary  system  are  characterized  by  specific 
physical  and  optica!  properties.  These  properties  can  be  either  enhanced  or 
decreased  by  carefully  blending  a  specific  glass  with  a  different  glass  system. 

A  specific  blend  can  be  obtained  by  mixing  v  correct  amounts  of  previously 
prepared  glass  or  by  weighing  out  the  unreacted  elements.  The  latter  method 
has  been  used  predominantly  in  our  program. 

Two  base  glass  systems  were  chosen  to  study  the  effects  of  blending,  as 
shown  in  Figure  IS-  The  Si-As-Te  system  was  chosen  because  it  has  been  more 
fully  characterized  than  the  others,  and  the  Ge-As-Te  system  because  of  its 
lack  of  absorption  bands  in  the  desired  wavelength  region.  These  two  glasses 
were  blended  with  each  other,  giving  the  effect  of  germanium  in  the  Si-As-Te 
system,  and  vice  versa.  Si-As-Te  was  then  blended  with  Gi-P-Te,  Si-Sb-Te, 
Si-As-Se,  and  Si-As-S,  giving  the  effects  of  phosphorus,  antimony,  selenium, 
and  sulfur  on  the  Si-As-Te  system.  The  Ge-As-Te  system  was  blended  with  Ge-P-Te  , 
Ge-AS'-Se,  Ge-As-S  and  Ge-Sb-Te,  giving  the  effects  of  phosphorus,  selenium, 
sulfur,  and  antimony  on  the  Ge-As-Te  system. 


Si-As-Te  -  (,  3-As-Te 


Table  XI  shows  the  effects  on  hardness  and  softening  point  when  germanium 

was  substituted  for  silicon  in  various  Si-As-Te  glasses.  In  all  cases  the  glass 

was  prepared  from  the  elements  in  the  usual  manner.  In  general,  adding  germanium 

caused  a  slight  decrease  in  the  softening  point  of  the  glass.  This  effect  is  shown 

graphically  i r;  Figure  lo.  As  expected,  the  glasses  with  the  largest  amount  of 

the  group  IVA  element  showed  the  greatest  change  in  softening  point.  Glasses  rich 

in  tellurium,  esoecially  the  glass  with  the  composition  Si^ASgTe^r,  show  little 

change  in  softening  Doint  or  hardness,  indicating  a  structure  somewhat  different 

from  that  of  a  higher  softening,  lower  tellurium-content  glass  such  as  Si-,As_TeQ. 

7  5  * 

This  is  probably  a  result  of  rhe  type  of  bonding  prevalent  in  the  various  glasses. 
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TABLE  XI 


B  lended 

Glasses  (Si -As 

-Te  -  Ge-As 

Sample 

Softening 

Hardness 

No, 

Comoosi t i on 

Point  (’C) 

(Knoop) 

239 

SI6As8Te26 

196 

108.4 

242 

si5GeAs8Te26 

190 

126.5 

245 

sl4Ge2As8Te26 

124 

126.5 

248 

Si jGejAsgTe26 

200 

136.8 

251 

sl2G'4As8Te26 

190 

127.0 

253 

SiGe^AsgTe^ 

180 

126.5 

255 

Ge6As8Te26 

Crysta 1 1 ine 

- 

258 

si6As9Te45 

160 

108.4 

260 

Si^GeASgTej^ 

136 

105.8 

261 

sl4Ge2As9Te45 

148 

110.9 

2 1*2 

SijGejASgTe^ 

146 

108.7 

263 

Si2Ge4As9Te|(5 

148 

109.0 

264 

SiGejASjTa^ 

150 

113.4 

265 

Ge6As9Te45 

162 

113.7 

240 

Si 5As5Te  TO 

310 

166.9 

266 

Sl4GeAs5Te)0 

290 

156.5 

267 

Si3Ge2A5sTe|0 

293 

179.0 

268 

Si2Ge3As5Tc|0 

256 

151.2 

2o9 

SiGe4As5TeIO 

C  rys  ta 1 1 i ne 

- 

24 1 

si7As5T'8 

434 

207.8 

244 

Si^GeAs^Teg 

380 

195.6 

247 

Si .Gf-As-Ten 

5  2  5  0 

394 

198.6 

250 

Si4Ge3As5Teg 

379 

195.0 

251 

Si^Ge^As^Teg 

Crysta 1 1 i ne 

- 
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SOFTENING  POINT 


The  measured  values  of  hardness  and  softening  points  given  in  Table  XI  are 
plotted  in  figure  17.  Te! 1 uri um-rich  glass  undoubtedly  contains  Te-Te  bonds 
and  thus  has  a  lower  softening  point.  Addition  or  substitution  of  a  relatively 
minor  element  should  affect  the  properties  of  the  glass  very  little.  The  low 
softening  glasses  are  tellurium-rich  and  should  be  softer  than  those  contain¬ 
ing  large  amounts  of  the  group  IVA  elements.  Germanium  also  affects  the  Si-As-Te 
system  by  reducing  the  absorption  coefficient,  especially  at  10  and  14  microns. 
This  effect  is  shown  in  Figure  1 3 .  The  origin  of  these  Lands  will  be  discussed 
in  another  section. 

2 .  Si -As-Te  -  Si -As-S 

Table  XII  shows  the  softening  points  obtained  when  Te  is  replaced  with 
S  in  the  Si-As-Te  system.  The  softening  point  is  not  appreciably  lowered  un¬ 
til  sulfur  comprises  about  ont-third  of  the  group  VIA  elements.  The  refractive 
index  is  also  lowered,  as  expected,  by  the  addition  of  sulfur.  The  refractive 

index  for  $i,,AsonTe,-  is  3.12  at  8  microns,  while  the  refractive  index  for 
3/  30  33 

S  i  ^  ^A  s  ^  gTe  j  gS  j  is  2.76  at  the  same  wavelength.  Sulfur  also  causes  a  loss  in 
transmission,  particularly  at  10  microns.  A  typical  plot  of  infrared  trans¬ 
mission  versus  wavelength  is  shown  in  Figure  19.  Replacing  only  one-tenth  of 
the  tellurium  with  sulfur  causes  a  factor  of  4  decrease  in  transmission  at  10 
microns.  Replacing  one-fifth  of  the  tellurium  with  sulfur  causes  a  loss  in 
transmission  by  almost  a  factor  of  20. 

3  $ i -As-Te  -  S i -As-Se 

Table  XIII  shows  the  softening  points  obtained  when  tellurium  is  replaced 
by  selenium  in  the  Si-As-Te  system.  In  one  family  of  glasses  in  which  the 
ratio  of  tellurium  and  selenium  to  the  IVA  and  VA  elements  was  1  to  1 ,  the 
softening  point  increased  slightly  with  an  increase  in  selenium.  In  another 
femily  of  glasses  the  ratio  of  tellurium  and  selenium  to  the  IVA  and  VA  elements 
was  2  to  1 ,  and  the  softening  points  decreased  slightly.  Again,  this  is  an  in¬ 
dication  of  the  presence  of  Te-Te  or  Te-Se  bonds  in  t'ii>  group  VIA-rich  glasses. 
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SOFTENING  POINT 


SOFTENING  POINT 


ABSORPTION  COEFFICIENT 


! 

( 


3  4  5  6  7  8  9  10  II  12  13  14  15  16  17  18 

03089  WAVELENGTH  (MICRONS) 


Figure  !8  Absorption  Coefficient  of  Sl-As-Te  -  Ge-As-Te  Glasses 


TABLE  XII 


The  Si-As-Te  Si-As-S  System 


Sample 


No. 

Compos i tion 

312 

S'37As30fe33 

313 

Si37As30Te30S3 

314 

Si37As30Te27S6 

315 

Si37As30Te24S9 

316 

Sl37As30Te2!S12 

317 

SI37As30Tel8S15 

318 

Si37As30Te 15S 18 

296 

Si^ASjTe,0 

297 

Sij.As,-Teg$ 

298 

SigAs^TegS2 

299 

Si^As^Te^S^ 

302 

si5As5Te6s4 

303 

Si^As^Te^S^ 

306 

SicAs-Te.  S, 
5^46 

307 

Si^As^Te^S^ 

Soften! ny 
Point  (°C) 

4  74 
478 
510 
480 
334 
294 

Reacts  with  the  atmosphere 

317 

300 

276 

Reactive 

170 

140 

198 

Reacts  with  the  atmosphere 
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TABLE  XIII 


Sample 

No. 

353 

359 

360 
36! 

354 

355 

356 

357 

358 

362 

363 

364 

365 

366 

367 

368 

369 

370 


The  SI-As-Te  -  Si-As-Se  System 


Composi t i on 


Softening 
Point  (°C) 


Si25Ai25Te50 

314 

sl25As25Te49.5Se5 

3  i  1 

SI?5As25re49Se 

313 

SI25As25Te48Se2 

319 

Si25As2Je47Se3 

342 

SI25As25Te44Se6 

323 

SI25As75Te4lSe9 

343 

Sl25As25Te38Se12 

^25As25^e35^e15  Too  react:*ve»  verY  brittle 


Si 

Si 

Si 

Si 

Si 

Si 

Si 

Si 

Si 


16.7 

16.7 

16.7 

16.7 

16.7 

16.7 

16.7 

16.7 

16.7 


As 

As 

As 

As 

As 

As 

As 

As 

As 


l6.7Te66.6 
l6,7Te64.6Sc2 
l6.7Te62.6Se4 
16. 7 ' e60.6Se6 
16. 7Te58.6Se8 
!6.7Te56.6Se10 
16.7Te54.6Sei2 
16.7Te52.6Sel4 
!6.7Te56.6Sel6 


200 


218 

205 

227 

187 

176 

165 

Too  reactive 
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Infrared  transmission  was  not  adversely  affected  by  addition  of  selenium.  Bands 
are  present  at  10,  14  and  20  microns,  as  shown  in  Figure  20. 

4.  Si-As-Te  -  Si-P-Te  Si-Sb-Te 

Substituting  phosphorus  for  arsenic  caused  the  silicon  to  remain  unreacted. 
The  base  glass,  Si  ^  ^As^Te^g,  and  the  corresponding  Si-P-Te  glass  were  compar¬ 
able  and  shculd  have  formed  an  amorphous  material.  This  blend  was  studied 
further,  but  the  reason  for  the  unreacted  silicon  was  not  determined.  Antimony 
substituted  for  arsenic  in  the  Si-As-Te  system  produced  little  change  in  soften¬ 
ing  point  and  infrared  transmission.  Results  of  these  two  systems  are  shown 
in  Table  XIV. 

5  •  Ge-As-Te  -»  Ge-As-S 

When  tellurium  is  replaced  by  sulfur  in  the  Ge-As-Te  system,  the  softening 

point  increases  with  an  increase  in  sulfur  content,  as  shown  in  Table  XV.  Toe 

observed  effect  was  large,  even  though  the  ratio  of  VTA  elements  to  IVA  and  VA 

elements  was  only  0.67.  Absorption  at  13  microns  is  increased  by  addition  of 

sulfur,  and  the  refractive  index  is  lowered.  Ge{As__Te,,  has  a  refractive  in- 

4  i  u  <  o 

dex  of  3-57  at  8  microns,  arid  Ge^As^gTe ^  gS^  has  3.12  at  the  same  wavelength. 

A  typical  plot  of  infrared  transmission  versus  wavelength  for  these  two  glasses 
is  shown  in  Figure  21. 

6.  Ca-As-Te  -  Ge-As-Sc 

Table  XVI  shows  how  substituting  selenium  for  tellurium  affects  the  soften¬ 
ing  point  in  the  Ge-As-Te  system.  In  one  family  of  glass,  Ge^As^Te^g,  where 
the  group  VIA  element  comprises  70%  (atomic)  of  the  composition,  the  softening 
point  was  increased  50%  by  this  substitution.  When  the  group  VIA  elemv-it 
comprises  only  40%,  (atomic),  as  in  Ge^s^Te^g,  the  softening  point  again 
was  increased  by  about  50%  on  almost  total  substitution  of  selenium. 
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TABLE  XIV 


The  Si-As-Te  -»  Si-Sb-Te  and 

Si-As-Te  -*  3i-P-Te  System., 

Sample 

Softening 

No. 

Composition 

Point  (°C) 

278 

Si l4AslOTe2U 

341 

279 

sil4As9SbTfi24 

331 

OO 

CM 

Si|4A5eSb2Te24 

334 

284 

Si,4As9Sb3Te24 

Crystal  line 

276 

Sl IOAsIOTe20 

315 

277 

Si|0As9SbTe20 

315 

280 

Si10As8Sb2Te20 

301 

281 

Si10As7Sb3Te20 

300 

282 

Si'0As6Sb4Te20 

Crysta 1 1 ine 

347 

Sl 15As25Te60 

203 

348 

Si  ]5As23P2Te60 

Silicon  did  not  react 

349 

si15As2lP4TeftO 

Silicon  did  not  react 

350 

Sl15As19P6Te60 

Silicon  did  not  react 

351 

Si  l5As17P8Te6o 

Silicon  did  not  react 
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TABLE  XV 


The  i;e-As-Te 

-*  Ge-As-S  System 

Sample 

No. 

Composition 

Softening 
Point  (°C) 

215 

308 

Ge4As20Te16 

309 

Ge4As20Te!4S2 

223 

310 

Ge4As2?Tel2S4 

236 

311 

Ge4As20TeI0S6 

251 

318 

Ge4As20Te8S8 

229 

319 

Ge4As20Te6Sl0 

280 

340 

Ge4As20Te4Sl2 

285 

341 

Ge4As20Te2Sl4 

278 

342 

Ge4As20Sl6 

260 
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TABLE  XVI 


1 


The  Ge-As-Te 

-  Ge-As-Se  System 

o  a  tj ;  e 

Softening 

No. 

Compos! tion 

Point  PC) 

320 

Ge!5AS15Ts70 

160 

321 

Ge15As 15Te65Se5 

194 

322 

Ge15As15Te60Se10 

192 

323 

Ge15As15Te55Se15 

174 

328 

Ge15As15Te50Se20 

192 

329 

Ge15Asl5Te45Se25 

184 

330 

Ge15As157e40Se30 

182 

331 

Ge15As15Te35So35 

210 

336 

Ge15As15Te30Se40 

202 

337 

Ge15As15Te25Se45 

210 

CO 

r^\ 

Ge15Asi5Te20Se50 

206 

339 

Ge15As15Tel5Se55 

222 

344 

Ge15As15Te10Se60 

240 

CM 

Ge15As45Te40 

247 

325 

Ge15As45Te35Se5 

259 

326 

Ge15AVe30Se10 

266 

327 

Ge15As45Te25Se15 

283 

332 

Ge15As45Te20Se2G 

308 

333 

Gel5As45Tel5Se25 

317 

334 

Ge15AVe10Se30 

322 

335 

Ge15As45Te5Se35 

315 

343 

Ge15As45Se4o 

355 
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Figure  22  shows  change  in  refractive  index  as  a  function  of  composition 

for  a  Gej  ^As  j  ^Te^Q^^^Se^  glass.  The  refractive  index  is  found  to  change  linearly 

from  ~  3<5  at  8  microns  for  Ge,  rAs ,  rTe-n  to  2.9  at  8  microns  for  Ge.  rAs ,  ,-Te0ftSerrt. 

'5  15  /u  Ij  13  ZO  50 

A  typical  plot  of  infrared  transmission  as  a  function  of  wavelength  is  shown 
in  Figure  23*  The  band  at  13  microns  is  reportedly  caused  by  en  impurity. 

0.  General  Physical  Properties  of  Non-Oxide  Chalcogenide  Glasses 

1 .  Softening  Points  and  Hardness 

The  higher  the  softening  point,  the  harder  the  glass.  This  fact  is  graphi¬ 
cally  demonstrated  in  Figure  24.  The  measured  hardness  for  about  100  different 
compositions  is  plotted  against  the  measured  softening  point.  ■  *•  of  cnese 
glass  compositions  contained  four  elements.  F'*en  at  softening  .ov  _s  of  500°C 
the  hardness  is  not  over  250  on  the  Knoop  seal*. 

2.  Thermal  Coefficient  of  Expansion 

The  higher  the  softening  point,  the  smaller  the  thermal  coefficient  of  ex¬ 
pansion.  Results  obtained  from  about  30  points  are  plotted  in  Figure  25.  Quanti¬ 
tatively,  the  relationship  is  not  very  clear  because  the  glasses  from  which 
these  measurements  were  made  are  from  different  systems,  and  the  coefficient 
of  expansion  is  affected  by  many  factors.  As  pointed  out  earlier,  small  molecules 
within  the  glass  network  can  affect  such  a  property. 

3.  Density 

The  densities  of  selenium,  tellurium  glasses  containing  silicon,  germanium, 
arsenic,  and  phosphorus  are  almost  a  linear  function  of  the  calculated  average 
molecular  weight  of  the  glass.  The  measured  densities  for  28  glass  compositions 
(a  few  are  sulfur  glasses)  are  plotted  against  their  molecul ar  weights  in  Figure  26 
Many  of  the  samples  were  small,  producing  some  uncertainty  in  the  density  values. 
The  most  reliable  values  were  used  to  form  a  straight  line.  These  points  were 
the  measured  densities  of  large  cart  Si-As-Te  and  Ge-As-Te  wedges  and  the 
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THERmAl,  COE F  V 10 .TENT  OF  EXPANSION  IN/IN0C  x  10^ 

Figure  25  Correction  of  Softening  Point  and  Thermal  Coeffic 
of  Expansion 


:nsity  gms  cm" 


Figure  26  Density  Versus  Molecular  Weight  for 
Non-Oxiu'e  Chalcogenide  Glasses 
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literature  value  for  the  density  of  As^  glass.  It  is  surprising  to  note  that 
crystalline  tellurium,  crystalline  silicon,  and  amorphous  selenium  fall  almost 
on  this  line.  The  few  points  available  for  sulfur  glasses  ’ndicate  they  follow 
a  line  of  a  different  slope,  shown  by  dashes  in  the  figure.  The  density  and  atomic 
weights  of  germanium,  arsenic,  and  yellow  phosphorus  are  plotted  for  reference. 

Many  of  the  measured  densities  do  not  fall  on  the  line.  Some  variations 
represent  errors  in  the  data,  some  represent  real  differences  in  densities.  As 
the  percentage  oe  the  group  IVA  and  V A  elements  increases,  deviation  from  the 
line  should  increase.  The  linear  relation  seems  to  hold  up  to  a  small  percentage 
(around  10/0.  To  verify  these  results,  measured  density  values  for  15  samples 
of  Ge-As-Se  glasses  reported  by  Myuller,  et  al . J4  were  compared  with  those 
predicted  from  the  straight  line  of  Figure  26  and  the  calculated  molecular  weight. 
The  results  are  shown  in  Table  XVII.  Agreement  is  -3%. 

4 .  Physical  Strength 

Attempts  to  measure  the  physical  strength  of  glass  samples  were  unsuccessful. 
Several  samples  of  Ge-As-Te  glasses  were  blended  with  sjlfur  and  selenium  and 
the  tensile  strength  of  the  samples  measured.  The  results  are  shewn  in  Table  XVIII. 
Most  of  the  samples  initiated  fracture  at  very  low  pressure  (<  1000  psi),  and 
large  scatter  was  found  in  the  data  (±  100%).  The  smaller  values  represent 
fracture  due  to  sample  imperfection,  and  the  larger  values  represent  either 
ultimate  tenr'le  strength  of  the  glass  or  a  sample  of  better  perfection.  The 
only  conclusion  that  can  be  drawn  is  that  these  glasses  have  ultimate  tensile 
strength  values  of  at  least  700-1000  psi.  Large,  almost  perfect  samples  are 
needed  for  meaningful  measurements. 

5 .  Electrical  Properties 

The  non-oxide  chalcoaenide  glasses  are  high  resistivity  semiconductors.  4 
Their  electrical  properties  have  been  investigated  extensively/’^’^  Although 
electrical  properties  were  not  emphasized  in  this  program,  attempts  were  made  to 
measure  the  values  for  several  glasses.  The  results  are  shown  in  Table  XIX. 
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TABLE  XVI T 


Density  of  Ge-As-Se  Glasses 


14 


Glass  (Atom%) 

Densi ty  Measured 

Dens: ty  Calculated 

%  Error 

As35.7Se60.7Ge3.6 

4.59 

4.37 

-  4.7 

As32.2Se6l . 3Ge6 . 5 

4.57 

4.33 

-  5.2 

As25.0Se62.5Gel2.5 

4.50 

4.29 

-  4.6 

A5l8.2Se63.6Gel8.2 

4.44 

4.33 

-  2.5 

Asl4.3Se64.3Ge21.4 

4.37 

4.33 

-  0.9 

As19.3Se58.0Ge22.7 

4.39 

4.33 

-  1.4 

As27.2Se40.?r"'  ^ 

4.58 

4.29 

-  6.3 

As23.9Se52.2  „  v 

4.43 

4.31 

-  2.7 

As19.7Se42.9Ge37.4 

4.58 

4.29 

-  6.3 

As22.2Se55.6Ge22.2 

4.41 

4.33 

-  1,6 

As20.0Se60.0Ge20.0 

4.41 

4.33 

-  1.6 

As26.6Se60. 0Gel 3.4 

4.45 

4.33 

-  2.7 

Asl3.4Se60.0Ge26.6 

4.37 

4.33 

-  0.9 

As29.6Se55.6Gel4.8 

4.44 

4.33 

-  2.5 

Asl4.8Se55.6Ge29.6 

4.39 

4.31 

-  1.8 

3%  Average  Error 


TABLE  XVIII 


Tensile  Strenqth  of 

Some  Germanium  Glasses 

Glass  Composition 

Ultimate  Tensile  Strenqth 
(psi) 

Ge4M20Te6Sl0 

1030 

Ge15As15Te65Se5 

500 

Gel5As15Te15Se55 

1-290* 

1700 

Ge15As15Te10Se60 

330* 

Gel0As50Te40 

770 

Ge l0As50Te30S 10 

J'390* 

1740 

Fracture  initiated  by  sample  defects 
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TABLE  XIX 


Dielectric  Properties  of  Some  Glasses 


Glass 


Ge 1 5As 1 5  Se?o 


Dielectric  Frequency 
Constant  (cps) 


Resisti vi ty 
fohm-cm) 
(30Q°K) 


5  x  10 


10 


Sl  15Sb15S70 


Ge15P15Se70 
Si  15Sb35S50 


14 


100 


9.6  x  10' 


9.3  x  10 


10 


2  x  10' 


si6As9Te45 


5  x  10' 


Ge2As3Tei5 


2  x  10' 


Si3Ge2As5Te]0 


24 


1  kc 


1  x  10v 


Ge,  P  S, 
3  6 


9  x  10- 


GeAs^Te^ 


5  x  10' 


Si4As3Te3 


5  x  10' 


GeAs2Te^ 


2.8  x  10 
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A  dielectric  constant  reading  was  obtained  for  only  two  samples.  Resistivities 
4  1 0 

vary  from  10  to  1 0  ohm-cm. 

E.  Glasses  Characterized  in  Detail 

Optical  and  related  properties  of  glasses  cannot  be  determined  accurately 
unless  large  samples  are  available.  During  most  of  this  program,  exploratory 
work  has  been  emphasized,  and  there  was  not  erough  time  to  work  out  the  technical 
details  needed  to  fabricate  a  particular  glass  composition  in  large,  usable 
pieces.  Recently,  it  became  apparent  that  large  plates  of  infrared  transmitting 
glasses  would  soon  be  needed  for  airborne  infrared  optical  systems  manufactured 
at  Texas  Instruments.  A  small  sideline  effort  was  organized  to  try  to  cast 
large  glass  plates.  The  glasses  selected  for  development  were  Si-As-Te,  Ge-As-Te, 
and  blended  glasses  of  the  two  systems,  The  work  was  funded  under  Contract 
No.  DA  36-039-AMC-001 33(E)  with  TI's  Apparatus  division.  The  successful  results 
of  this  effort  are  illustrated  in  Figure  27,  which  shows  an  8  in.  x  10  in.  x  1/4  in. 
glass  plate  and  several  prisms* 

As  part  of  our  present  program  these  glasses  were  optically  and  physically 
characterized.  The  refractive  index  was  precisely  measured  using  the  cast  glass 
prisms  and  the  refractive  index  attachment  for  the  spectrophotometer  already 
described  The  measurements  are  good  to  at  least  four  numbers,  with  some  doubt 
in  the  fifth  (±  0.0003).  From  the  precise  index  value,  reflectivity  and  the 
absorption  constant  were  calculated.  Results  obtained  for  Si-Ge-As-Te  glass, 
a  Si-As-Te  glass,  and  a  Ge-As-Te  glass  are  shown  in  Figures  28-30.  Two 
prisms  of  Si-Ge-As-Te  glass,  from  different  melts  made  with  different  starting 
materials,  were  measured.  The  refractive  index  differences  ranged  from  only 
0.0026  at  3  microns  to  0.0010  at  8  microns,  surprisingly  good  agreement.  With 
the  criterion  that  an  optical  material  should  have  an  absorption  coefficient 
less  than  I  cm  the  Si-Ge-As-Te  glass  is  good  from  2.5  to  12.5  microns,  the 
Si-As-le  good  to  only  about  9  microns,  and  the  Ge-As-Te  good  from  2.5  to  20 
microns.  Softening  points,  deformation  points,  thermal  coefficients  of  ex¬ 
pansion,  and  hardness  of  al!  three  glasses  are  shown  in  Table  XX.  Quantitative 
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REFRACTIVE  INDEX 


rICIENT  (CM-1) 


TABLE  XX 


Composition 

Physical 

Constants  of 

Characterized 

Glasses 

Hardnes: 

(Knoop 

scale 

Refractive 

Index 

Softening 

Point 

(°ci 

Deformation 

Point 

_  (°c) 

Thermal 
Coefficient 
of  Fx^an^ion  , 
(in./in.°C  x  10  ) 

SiAsTe^ 

2.93 

317 

250 

13 

167 

Si^Ge2As^Te1  Q 

3.06 

320 

284 

10 

179 

GeAs2Te^ 

3.55 

178 

140 

18 

111 

Ge3PS6 

2.15 

520 

375 

15 

185 

Ge^PS | 2 

2.20 

480 

360 

13 

17S 

Ge2S3 

2.30 

420 

360 

14 

179 

Si^As^TegSb 

2.95 

475 

350 

9 

168 
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results  obtained  for  several  other  promising  glasses  are  also  included. 

Host  of  tha.  glasses  studied  in  this  program  have  had  high  refractive  in¬ 
dexes,  particularly  the  best  optica :  quality  $i-As-Te  and  Ge-As-Te  glasses, 
oecause  of  large  reflection  losses  caused  by  the  high  refractive  indexes, 
transmission  of  these  glasse1-  is  greatly  reduced.  The  reflection  loss  can  be 
significantly  reduced  by  using  suitable  dielectric  reflection  coatings,  as 
is  done  in  the  high  index  crystalline  materials.  The  glasses  studied  take- 
dielectric  coatinya  quite  well.  The  results  obtained  when  a  10-micron  quarter- 
wave  coating  was  applied  to  a  Si-Ge-As-Te  glass  window  are  shown  in  Figure  31. 
The  average  transmission  in  the  range  8  to  13  microns  was  raised  to  77%  in 
this  sample.  The  dielectric  used  was  PbF^. 

F.  Elemental  Effects  in  Non-Oxide  Glasses 

The  starting  point  in  uncut-standing  how  individual  elements  affect  the 
properties  of  the  glasses  is  their  individual  tendency  toward  glass  formation. 
In  Figure  32  the  glass-forming  composition  regions  of  the  Ge-P-S,  Ge-P-Se, 
and  Ge-P-Te  systems  and  the  Si-As-Te,  Si-P-Te,  Ge-As-Te,  and  Go-P-Te  systems 
are  compared.  If  the  differences  in  size  of  the  glass-forming  composition 
areas  is  taken  as  a  measure  of  differences  in  tendency  toward  glass-forming 
ability  for  the  different  elements,  the  conclusions  are: 

Glass  Forming  Tendency 

S  >  Se  >  Te 
As  >  P  >  Sb 
Si  >  Ge  Sn 

1 2 

This  conclusion  is  in  agreement  with  the  conclusions  of  Russian  investigators 
except  for  r.he  reversal  of  P  and  As,  which  is  somewhat  puzzling.  It  has 
been  suggested  that  the  reversed  order  of  these  elements  is  due  to  the 

*  Professor  Heinz  Krebs,  Lehrstuhl  fur  Anorganische  Chemie  der  Technischen 
Hochschule.  Stuttgart,  Germany.  Visiting  Scientist  at  Texas  Instruments, 
Summer  of  '36U. 
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ability  of  As  to  form  bonds  with  Si  and  Ge,  while  P  does  not.  A  discussion 
of  glass  formation  from  the  standpoint  of  classical  structural  inorganic  chemis¬ 
try  is  presented  in  Appendix  I. 

When  one  compares  the  softening  points  of  different  glasses,  especially 
those  differing  only  by  one  constituent  element,  qualitative  conclusions  con¬ 
cerning  softening  points  can  be  drawn.  Generally,  softening  points  decrease 
with  increasing  atomic  weight  of  the  constituent  element  used.  That  is: 

Softening  Points 


s 

> 

Se 

> 

Te 

p 

> 

/  3 

> 

Sb 

Si 

> 

Ge 

> 

Sn 

Obviously,  the  differences  in  physical  properties  of  the  two  types  of  glasses 
must  lie  in  the  differences  in  type  and  strength  of  their  individual  chemical 
bonds.  Insight  into  why  these  differences  are  so  great  can  be  gained  by  ex¬ 
amining  the  electronegativities  and  electronegativity  differences  for  the 
elements  concerned.  The  values  are  shown  (using  the  Pauling  scale)  in  Table  XXI. 
Note  the  electronegativity  of  oxygen  is  3.5  while  the  next  chalcogen,  sulfur, 
is  only  2.5,  a  full  unit  difference.  The  values  for  selenium  and  tellurium 
are  2.4  and  2.1,  respectively,  almost  the  same  as  sulfur.  Sulfur,  selenium, 
and  tellurium  are  solids.  All  three  elements  show  a  tendency  toward  forming 
covalent  bonds  with  themselves  in  the  form  of  rings  and  chains  (tellurium  to 
a  lesser  extent).  Oxygen  is  a  diatomic  gas,  not  like  the  other  chalcogens 
at  all.  If  many  of  the  general  properties  of  the  non-oxide  chalcogens  are 
preserved  in  the  glasses,  there  is  no  reason  at  all  to  expect  them  to  be 
similar  to  oxide  glasses. 

Electronegativity  difference  can  be  taken  as  a  rough  measure  of  the  bond 
energy  between  two  atoms.  The  larger  the  difference,  the  more  likely  a  bond 
will  form.  The  smaller  the  difference,  the  more  covalent  the  nature  of  the 
bond  A  purely  covalent  bond  has  an  electronegativity  difference  of  zero 
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TABLE  XXI 


Bonding  in  Chalcogenide  Glasses 


Pauling  Electronegativities: 


Si  -  1.8 
Ge  -  1.8 
Sn  -  1.8 


P  -  2.1 
As  -  2,0 
Sb  -  i.9 


0  -  3.5 
S  -  2.5 
Se  -  2,4 
Te  -  2.1 


E iectronegativi ty  Differences : 


_ A _ 

Si-0-1.7 
Si-S-0.7 
Si-Se-0.6 
5i-Te-0.3 
Ge-0-1 ,7 
Ge-S-0. 7 
Ge-Se-0.6 
Ge-Te-0. 3 


_ 4 _ 

P-0-1.4 
P-S-Q.4 
P-Se-0.3 
P-Te-0.0 
As-0-1.5 
As-S-0. 5 
As-Se-0.4 
As-Te-0. 1 


_ A _ 

Si-P-0.3 
Si -As-0.2 
Ge-P-0. 3 
Ge-As-0. 2 


Oxide  Glasses  Characterized  by: 

~  0  -  M|  -  0  -  M2  -  0 

Non-Oxide  C ha! cogen ide  Glasses  Characterized  by: 

-  X  -  Mj  -  X  -  M2  -  X 
or 

“  X  -  H,  -  M2  -  X 
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The  differences  listed  in  Table  XXI  reveal  not  only  the  covalent  nature  of  the 
bonding  between  the  group  IVA  and  group  VA  elements  with  the  chalcogens,  but 
also  the  possibility  cf  bond  formation  between  the  IVA  and  VA  elements.  Oxide 
glasses  are  always  characterized  by  metal -oxygen-metal  bonds,  (referring  to 
the  group  IVA  and  VA  elements  as  metals)  while  the  other  chaicogenide  glasses 
may  contain  covalent  metal-metal  bonds.  Because  of  oxygen's  low  electronegativity, 
the  metal-oxygen  bond  is  always  more  stable  thermodynamically  than  the  metal- 
metal  covalent  bonds. 

Covalent  bonding  in  itself  does  not  produce  weak  solids.  The  physical 
constants  for  silicon  are  those  of  a  hard,  strong,  high  melting  solid.  But 
to  break  down  the  amorphous  chains  and  rings  and  form  a  strong  three-dimensional 
network  structure,  the  bond  energy  between  other  elements  combined  with  sulfur, 
selenium,  or  tellurium  must  be  greater  than  the  elemental  covalent  bond  energies. 


G .  Location  of  G1 ass-Fcrm i ng  Composition  Regions  in  IVA-VA-VIA  Ternary  Systems 

The  boundaries  of  a  glass-forming  region  in  a  ternary  system  represent  a 
composition  region  so  favorable  to  formation  of  crystallites  that  the  resultant 
material  takes  on  the  nature  of  a  crystal  lire  material .  This  suggests  that 
the  glasses  in  the  molten  state  are  composed  of  a  mixture  of  different  stoichio¬ 
metric  molecules.  If  the  concentration  of  one  specific  composition  becomes 
great  enough,  nucleation  occurs  rapidly  during  the  quench,  and  a  crystalline¬ 
like  material  results.  Therefore,  the  larger  the  number  of  molecules  that  can 
form  between  three  specific  elements,  the  larger  the  glass-forming  composition 
region.  A  ternary  system  may  be  considered  as  the  mixture  of  three  binary  systems: 
IVA-VA,  IVA-VIA,  and  VA-VIA.  The  molecules  from  the  three  binaries  act  as  a 
diluent  for  each  other,  preventing  crystallization  and  promoting  the  formation 
of  amorphous  materials. 

The  mixed  molecular  approach  to  IVA-VA-ViA  glass  formation  is  supported 
by  experimental  data.  The  simplest  case  is  the  mixture  of  two  binaries;  no 
compound  formation  is  possible  in  the  third  binary.  The  Si-Sb-Se  system  is 
typical  of  this  case.  The  glass-forming  region  and  pertinent  compounds  are 


shown  in  Figure  33-  The  binary  compounds  are  taken  from  two  standard  sources. 

A  line  is  drawn  from  the  compound  SiSe^  toward  an  increase  in  the  percentage 
uF  $b.  Composition  points  along  this  line  represent  compositions  in  which  the 
correct  ratio  between  silicon  and  selenium  is  maintained  for  the  formation  of 
SiSe2*  Along  this  line  the  SiSe^  melt  is  diluted  with  antimony.  The  same  may 
be  said  for  the  line  drawn  from  the  compound  Sb^Se^  in  the  direction  of  an  in¬ 
crease  in  the  percentage  of  silicon.  The  glass-forming  area  for  the  Si-Sb-Se 
system  lies  within  the  area  enclosed  by  these  two  lines.  Compositional  points 

close  to  the  compound  boundaries  produce  crystalline-like  materials.  Similar 

20 

results  are  obtained  for  the  Si-Sb-S  system  (Figure  3*0  >  the  Ge-Sb-Se  system 

(Figure  35).  and  the  Si-P-Te  system  (Figure  3b).  The  dotted  line  in  Figure  36 

marks  the  boundary  of  the  Si-Te  eutectic  occurring  at  85  atom-percent  tellurium. 

1 8 

A  eutectic  around  83  atom-percent  tellurium  also  cccurs  in  the  Ge-Te  binary, 

18  18  18  18 

Al-Te,  Au-Te,  Hg-Te,  InTe,  and  probably  many  others.  In  tellurium-based 
glasses,  the  Te-IVA  eutectic  marks  the  boundary  of  the  glass-forming  regions 
of  high  chalcogenide  compositions. 

In  the  second  case  of  int'  -est,  at  least  one  compound  is  formed  between 
the  IVA  and  VA  elements.  Typical  of  this  case  is  the  Ge-P-Te  system  (Figure  37) 
the  Ge-P-Se  system  (Figure  38)  and  the  Ge-P-S  system  (Figure  39)-  The  glass¬ 
forming  composition  regions  are  somewhat  symmetrically  located  ;?bout  this  com¬ 
position  line.  Generally,  the  glass  regions  still  lie  within  the  area  set 
off  by  the  lines  of  the  IVA-VA  compounds  and  the  IVA-VIA  compounds.  The 
Ge-P-S  system  is  extended  somewhat  past  this  boundary,  probably  because  of 
the  solubHity  of  un'-eacted  phosphorus  in  the  molten  Ge-P-S  glasses. 

The  third  case  is  one  in  which  more  than  one  IVA-VA  compound  formed. 

Typical  are  the  Ge-As-Se  system*5  (Figure  40) ,  the  Ge-As-Te  system  (Figure  41), 
and  the  Si-As-Te  system  (Figure  42).  The  second  compound  formed  between  the 
IVA  and  VA  elements  removes  the  barrier  to  glass  formation  represented  by  the 
VA-VIA  compound  line.  The  glass-forming  region  is  effectively  double  that  ex¬ 
pected  if  there  were  no  IVA-VA  compound  formation. 
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Figure  37 


The  Ge-P~Te  System 


81 


ASzSe  j 
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Figure  40  The  Ge-As-Se  System 


84 


Figure  42  The  Si-As-Te  System 


Information  gained  from  studying  the  areas  of  all  these  s' stems  can  be 
formulated  in’  o  a  set  oF  rules  that  can  be  stated  as  fellows:  The  location 
of  the  composition  region  that  produces  amorphous  materials  in  a  IVA-VA-VIA 
ternary  system  can  be  predicted  from  a  knowledge  of  the  compounds  formed  in 
the  "hree  binaries  IVA-VA,  IVA-VIA,  and  VA-VIA. 

(1)  If  no  compound  is  formed  between  the  JVA  and  VA  elements,  the  glass¬ 
forming  region  lies  wholly  within  the  compositional  area  set  off  by  the  IVA-VIA 
and  VA-VIA  compound  lines. 

(2)  Glasses  based  on  tellurium  have  an  additional  boundary  produced  by 
the  IVA-Te  eutectic  occurring  around  85  atom-percent  teHurium. 

(3)  If  a  single  compound  forms  between  the  IVA  and  VA  elements,  the 
glass-forming  area  is  distributed  about  the  IVA-VA  compound  line. 

(4)  For  two  or  more  IVA-VA  compounds,  the  glass-forming  region  extends 
past  the  IVA-VIA  compound  boundary  line  and  is  quite  large. 
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Ill  ST’-CTURAL  INVESTIGATIONS 


A .  Present  State  of  Infrared  Transmi ttinq  Glasses  as  Optical  Materials 

The  pertinent  physical  properties  of  typical  examoles  of  several  classes 
of  infrared  optical  materials  can  be  compared  from  the  values  listed  in  Table  XXII, 
Sodium  chloride  (NaC  1 )  is  typical  of  the  alkali  halides,  silicon  is  typical  of 
the  single  crystal  semiconductors,  Kodak  Irtran  2  of  the  hot  pressed  poiycrys- 
talline  materials,  and  arsenic  trisulfide  (As^S^)  of  the  infrared  transmitting 
glasses  The  physical  constants  of  optical  (oxide)  glasses  are  included  for 
comparison.  The  magnitude  of  their  physical  constants  represents  goals  that, 
if  attained,  would  make  a  non-oxide  glass  perfectly  acceptable  (from  a  physical 
properties  standpoint)  as  an  optical  material. 


From  the  values  in  the  table,  it  appears  that,  comparatively,  As2$^  d'-sss 
is  weak  and  soft  and  has  a  low  softening  point.  The  values  of  the  physical 
constants  (excluding  refractive  index)  <  As^S^  glass  are  off  by  a  factor  of 
from  3  to  5  from  the  desirable  values  of  oxide  glasses.  Obviously,  As^S^ 
is  not  the  strongest,  hardest,  highest  softening  point  glass  that  could  have 
been  chosen  for  the  comparison.  Inclusion  of  the  group  IVA  elements  in  the 
composition  here  ^  J6.20  and  other  l  aboratories^  has  produced  glasses  with 
better  physical  properties.  But,  the  improvement  has  been  only  by  a  factor  of 
about  2,  not  3  to  5.  After  about  ten  years  of  investigation  using  the  experi¬ 
mental  approach,  no  non-oxide  glass  has  been  developed  that  has  physical 
properties  suitable  For  extensive  u^e  as  a  high  temperature  external  window 
material.  Materials  with  satisfactory  optical  properties  have  been  found,  but 
their  physical  properties  have  not  been  good  enough.  Apparently  a  change  ir. 
approach  is  necessary  to  dramatically  improve  the  physical  properties  of  these 
materials  For  this  reason  our  program  turned  toward  a  more  fundamental  in¬ 
vestigation  aimed  at  understanding  the  chemical  and  physical  nature  of  these 
glasses 


88 


Comp a rison  of  Physical  Properties  of  8-14  Micron  Infrared  Window  Materials 
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Infrared  Studies 


1 ,  Mol ar  Refraction 


The  apparent  linear  relationship  between  density  and  molecular  weight 
suggests  that  other  properties  may  be  additive  a- d  predictable  One  such 
property  is  refractive  index.  Refractive  index  is  related  to  the  molar  re¬ 
fraction  and  molecular  volume  of  a  substance.  Molar  refraction  is  given  by 


R  = 


2 

N  -1 
? 

N  +2 


V  = 


N2-) 

N2+2 


mol .  wt 
d 


where  R  is  the  molar  refraction,  N  the  refractive  index  at  some  reference  wave 
length,  and  V  the  molar  volume  which  is  equal  to  the  average  molecular  weight 
divided  by  the  density.  This  well -known  •'elation  (from  the  Lcrentz-Lorenz 
equation)  has  been  applied  to  the  study  of  bonding  in  organic  and  inorganic 
compounds.  Molar  refraction  is  also  related  to  the  radius  of  the  individual 
molecule  by 

R  =  4/3  =  4/3  tta  r  , 


where  A  is  Avogadro's  number,  or  is  the  polarizability  of  the  atom  or  ion, 
and  r  is  the  radius  of  the  conducting  sphere  formed  by  the  molecule.  The  re¬ 
fractive  index  should  be  measured  in  a  wavelength  region  well  on  the  long  wave 
length  side  of  any  absorption  causing  an  electronic  transition.  It  should 
be  measured  in  the  infrared  in  a  non-di spersi ve  region.  For  a  non-polar  amor¬ 
phous  glass  the  molar  refraction  is  almost  equal  to  the  molar  pol arization . 
Molar  refraction  has  the  units  of  volume  and  can  be  treated  as  a  volume  made 
ud  of  the  additive  sum  of  the  volumes  of  each  atom  (or  ion)  in  the  molecule. 
Such  treatments  have  beer,  widely  used  in  organic  and  inorganic  compound 
and  applied  specifically  to  oxide  glasses."  '  "or  a  c.  mpound  of  the  form 


ABC 
x  y  z 


w'-'ere  x,  y,  and  z  are  mole  fractions  of  the  constituent  elements  A,  B,  and  C, 
respectively,  the  molar  refraction  can  be  calculated  from 


90 


R  =  xRa  *  yRe  +  2Rc  • 

Here,  R^ ,  Rg ,  and  Rr  are  the  atomic  (or  ionic)  refractions  resulting  from  the 
presence  of  the  constituents  A,  B,  and  C  in  the  molecule. 

This  approach  was  applied  to  the  non-oxide  chalcogenide  glasses.  In  very 
ionic  substances  the  values  of  R.  ,  R« ,  and  Rr  may  vary  widely  from  compound 
to  compound,  depending  on  the  molecular  bond  formed.  However,  in  the  chalcogenide 
glasses  the  bonding  is  so  covalent  tnat  a  single  value  may  be  accurate  for 
different  glasses  Obviously,  the  atomic  refraction  of  each  constituent  ‘n  these 
glasses  should  be  directly  proportional  to  its  covalent  radius.  Calculating 
the  atomic  refraction  directly  from  the  accepted  covalent  radii  would  yield 
values  too  low  because  the  atomic  spheres  arc  loosely  packed.  Therefore,  an 
experimental  value  was  used  to  put  all  values  on  an  absolute  scale.  From  the 
measured  density,  the  molecular  weight,  and  the  refractive  index  of  amorphous 
selenium,  a  value  of  atomic  refraction  was  calculated.  The  reference  point  for 
the  refractive  index  was  5  microns,  well  out  of  the  dispersive  region  for  the 
glasses.  The  atomic  refraction  for  silicon,  germanium,  phosphorus,  arsenic,  sul¬ 
fur,  and  tellurium  was  calculated  from  the  cube  of  each  elemental  covalent  radius 
normalized  with  the  cube  of  the  covalent  radius  of  selenium.  From  these  values 
the  molar  refractions  for  28  glass  compositions  were  calculated  and  compared  to 
the  measured  values,  obtaining  an  agreement  of  ±  4.17.  The  results  are  shown 
in  Table  XX III.  A  closer  fit  was  obtained  by  solving  the  experimental  values 
as  simultaneous  equations  for  separate  values  for  silicon,  germanium,  phosphorus, 
and  arsenic  in  sulfur,  selenium,  si  1  i  c.on- te  1 1  u  r  i  urn ,  and  germanium-tellurium  glasses. 
These  results  are  also  shown  in  Table  XXIII.  The  fit  to  the  experimental  data  is 
±  1.1%. 

The  values  obtained  for  atomic  refractions  are  shown  ir.  Tab  Ip  XXIV.  The 
literature  values  were  obtained  from  crystalline  or  amorphous  values  when  avail¬ 
able  Values  for  phosphorus  and  arsenic  were,  solved  from  classes  using  the 
value  for  amorphous  selenium  The  values  for  sulfur,  selenium,  s i 1  i  con- te 1 1 u r i urn, 
jrd  germanium- tellurium  glasses  are  shown  in  the  columns.  Agreement  between 
literature  values  and  values  calculated  from  covalent  radii  is  quite  good.  Values 
calculated  from  the  individual  glasses  show  close  agreement  except  in  the  case 
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TABLE  XXIII 


Molecular 

Refraction  of  Non-Oxide 

Glasses 

Conpos  i  tion 

R 

Measured 

R  Calculated 

Literature 

Value 

% 

Frrcr 

R  Calculated 
Average 
*'«  1  ue 

% 

Error 

PSU 

706 

8.49 

+  15.4 

7.36 

0 

3  o 

8.26 

9.23 

+  1 1 .7 

8.27 

+0.1 

CV3 

8.90 

9.30 

+  6.5 

8.90 

0 

A,2s. 

9*44 

9.42 

-  0.2 

9.44 

0 

Se 

U.55 

11.51 

-  0.4 

11.55 

0 

P“Se9 

11.17 

11.44 

+  ?.4 

1 1 .31 

+1.3 

n.35 

11.35 

0 

IS. 06 

-1.7 

AsS«9 

11.85 

11.52 

-  2.9 

11.62 

-1.9 

A.  iCj, 

!  1  -55 

11.54 

-  0,1 

i  1 .68 

+1.1 

Si-S«9 

11.65 

fi.31 

-  2.9 

11 .65 

0 

Ge)6As47.3Se 

36.7,K33 

1 1 . 56 

+  2.0 

II.36 

+0.3 

Cel5Aslt>SeU0 

11 .45 

11.54 

-  0.3 

1 5  •  35 

-0.8 

Wl* 

10.70 

11.36 

♦  6.2 

:u.70 

0 

Ge-Se9 

11.23 

1 1 .49 

+  2-1 

11.23 

0 

SiAsTe? 

13.42 

14.55 

♦  8.4 

13-53 

+0.8 

Si2PTe7 

16.05 

15.96 

+  0.4 

15.21 

-5.2 

Si3PVCl6 

16.55 

.0.76 

+  1.3 

15-77 

+1.3 

si3As2T*r, 

13.70 

14.43 

-  5-3 

13.70 

0 

Si3As3TeJi 

12.95 

13.74 

A  6. 1 

13.23 

•2.2 

Si2AS3TS 

13.90 

14.66 

-  5-5 

13.90 

0 

GeAsi  Te 

4  j 

11*. 07 

15.09 

-  7-3 

14.63 

+4.0 

GcAs2Te7 

15-95 

16.47 

*  3-2 

'5-87 

-0.5 

'Wo 

15.83 

15.90 

+  0,4 

15.81 

-0. 1 

*-e3A5ioT'r 

13.40 

14.03 

+  4.7 

13.58 

+1.3 

GeAs IOT*9 

14.30 

14.75 

+  3-1 

14.52 

+1.5 

CeAst2re7 

13.65 

14.05 

+  2.8 

I3.Q6 

+2.3 

Ge3AS2Tel5 

16.25 

16.77 

+  3-2 

15.83 

-2.6 

Ge2A53Te!^ 

I0.I5 

16.79 

+  4.0 

16.02 

-0.8 

Average 

±  4.1 

±  l.l 
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of  phosph'^us.  The  glasses  used  in  these  calculations  contained  very  little 
phosphorus,  so  considerable  error  could  result  because  the  calculations  involved 
taking  the  small  difference  between  large  numbers. 

The  refractive  index  oe  a  non-oxide  chalcogenide  glass  at  5  microns  can  be 
calculated  within  a  few  percent  by  combining  the  atomic  refraction  values  from 
the  tables  wK'  the  molecular  weight  vs  density  line  in  Figure  26.  Since 

R  =  xRa  +  YRb  +  z»c 

and 

2 

r  N  “I  mol .  wt , 

2  2 

the  refractive  index  can  be  solved  from  the  value  of  (N  —  1  ) / (N  +2).  With  this 
approach,  the  refractive  index  at  5  microns  was  estimated  for  18  compositions  of 
As-Se-Te  glasses  reported  by  Billian  and  Jerger.  Their  accurately  measured 
values  and  the  estimated  values  agreed  within  ±  3%.  The  resu’ts  are  shown  in 
Table  XXV. 

2 .  Infrared  Absorption  in  the  Non-Oxide  Chalcogenide  Glasses 

There  are  three  main  sources  of  infrared  absorption  in  these  glasses:  the 
absorption  edge,  jmptrity  absorption,  and  molecular  vihrahion  of  constituent 
elements.  A  fourth  factor,  which  affects  the  transmission,  is  scattering  of  the 
radiat’on  by  occlusions  of  un reacted  elements  or  a  second  phase.  This  factor  is 
related  to  the  preemption  and  perfection  of  a  sample  and  for  that  reason  will 
not  he  discussed,  A  f  th  factor,  important  in  the  case  of  impure  semiconductors 
or  low  band  gap  se  *, '  .-.or  doctors  at  high  temperatures,  is  free  carrier  absorotion. 
This  effect  has  no  beer,  observed  in  the  chalcogenide  glasses  measured  in  this 
program,  even  at  High  temperatures. 


TABLE  XXV 


Ref  racti ve 

Index  of  As-Se-Te 

Glasses^ 

Servo  No. 

Co-nposi  tion 

H  at  5  ii  N 

Calculated 

%  Error 

1 

As38.7Se6l .3 

2.79 

2.62 

-  6.0 

2 

As27.5Se72.5 

2.65 

2  =  59 

”2.3 

3 

As40Se35Te25 

2.8» 

2.90 

+  0.7 

4 

As40Se25Te35 

3.07 

3.06 

-  0.3 

As30Se30Te40 

3.08 

3.11 

+  1.0 

6 

As20Se60Te20 

2.74 

2.80 

+  2.2 

7 

As35:'e45Te20 

2.90 

2.71 

-  6.5 

9 

As45Se45Telc 

2.77 

2.75 

-  o,7 

10 

A-,;25Se45Te3o 

2.91 

2.93 

+  0.7 

11 

As30Se60Te10 

2.76 

2.71 

-  1.8 

12 

As10Se60Te30 

2.73 

2.89 

+  5.9 

13 

As20Se90Te30 

2.84 

2.94 

+  3.5 

14 

A$20Se70Tei0 

2.65 

2.68 

+  1.1 

16 

AS35Se55TelO 

2.83 

2.72 

-  3.9 

17 

A?30Se55Te15 

2.82 

2.76 

-  2.0 

18 

As25ie55Te20 

2.80 

2.81 

+  0.4 

19 

As20Se55Te25 

2.64 

2.84 

+  7.5 

20 

As15Se55Te30 

2.78 

2.92 

+  5-0 

Averaqe  ±  2.97, 
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a .  Absorption  Edge 

7  !  2  15 

The  non-oxide  chalcoqenide  glasses  are  semiconductors'*  ^ *  and  have 
an  absorption  edge  just  as  found  in  crystalline  semiconductors.  The  wavelength 
at  which  1 1 ,e  glass  begins  r0  show  bulk  transmission  corresponds  roughly  to  the 
minimum  amount  of  energy  needed  to  excite  carriers  across  the  forbidden  gap.  The 
band  gap  of  these  glasses  has  not  been  of  primary  importance  during  this  program 
and  therefore  has  been  measured  on  only  a  few  samples.  Host  of  the  glasses  studied 
begin  to  transmit  radiation  around  1  to  1.5  micrors.  Only  a  few  transmit  in  the 
visible.  The  absorption  edge  does  not  affect  transmission  in  the  wavelength  region 
of  interest  and  will  not  be  discussed  further. 

b .  Impurity  Absorption 

All  the  elements  used  in  making  these  glasses  are  high  purity  semi¬ 
conductor  grade  materials.  The  impurity  level  should  be  <  100  atomic  ppm  for 
any  single  impurity.  It  is  ironic  that  the  non-oxide  chalcogenide  glasses  were 
chosen  over  the  oxide  glasses  because  of  oxide  absorption,  and  yet  the  major  im¬ 
purity  in  all  the  glasses  studied  is  oxygen.  Oxygen  can  contaminate  the  glasses 
as  an  impurity  in  the  reacting  element  or  as  a  residual  gas  in  the  vial.  It 
can  also  be  extracted  into  the  glass  from  the  quartz  as  ci0  (or  SiO^)  or  as  H^O. 

Once  i  i  the  system,  the  oxyg  takes  the  form  of  the  most  stable  oxide  in  the 
melt  at  the  molten  temperature  (900°-l 000°C ) .  The  high  temperature  stable  form 
is  preserved  while  the  glass  is  being  quenched  but  may  change  form  during  annealing. 

The  infrared  absorption  bands  in  the  wavelength  region  2,5  to  25  microns 
observed  in  the  systems  evaluated  in  this  program  are  shown  in  Table  XXVI,  Also 
shown  are  the  results  obtained  from  the  many  blended  glasses  studied.  The  only 
systems  left  out  are  the  Si-Sb-S  and  Si-Sb-Se,  which  were  not  stable  glasses.  The 
bands  are  rated  as  to  intensity  by  weak  (w) ,  very  weak  (vw) ,  medium  (m) ,  and 
strong  (s).  A  bracket  indicates  the  band  sometimes  is  not  present  in  a  system. 

Its  absence  may  be  due  to  composition  ratios  or  some  unknown  reason.  The  possible 
cause  for  a  band  is  indicated  in  the  last  column.  The  word  possible  is  used  be¬ 
cause  it  is  extremely  difficult  to  say  exactly  what  causes  an  absorption  in  * 
glass  system. 


TABLE  XXVI 


Infrared  Absorption  in  Non-Oxide  Chalcogenide  Glasses 

vw  =  very  weak  w  =  weak  m  =  medium  s  =  strong  R  =  By  Reflection 
A  *  Absorption  in  a  Glass  Sample  KBr  =  Absorption  in  a  KBr  Pellet 
TlBr  *  Absorption  in  a  TlBr  Pellet  Csl  =  Absorption  in  a  Csl  Pellet 
P  =  Absorption  in  a  Polyethylene  Pellet  [  ]  *  Sometimes  not  present 


Sys  tern 

AbsorDtion  , 

3  trength 

Observed 

Possible 

(cm  ') 

by 

Cause 

Si-As-Te 

[9.5] 

1050 

vw 

A 

Si-0  (Surface) 

10.4 

960 

w 

A 

Si-0 

14.5 

690 

m 

A 

Te-0 

20 

500 

m 

A 

Mg-0 

25 

400 

m 

A 

Te-0 

32.5 

307 

s 

R 

Si-Te 

31.0 

323 

s 

TlBr 

Si-Te 

Si-P-Te 

10 

1000 

vw 

A 

Si-0 

[11.5] 

870 

w 

A 

Ge-0 

14.5 

690 

m 

A 

Tc-0 

20 

500 

m 

A 

Mg-0 

32.5 

307 

s 

R 

Si-Te 

Si-Te 

9.5 

1050 

vw 

A 

Si-0 

14.5 

690 

m 

A 

Te-0 

20 

500 

A 

Mg-0 

25 

400 

A 

Te-0 

32.5 

307 

s 

R 

Si-Te 

30.5 

328 

s 

TlBr 

Si-Te 

Ge-As-Te 

[11.5] 

[865] 

vw 

A 

Ge-0 

[13.8] 

[725] 

vw 

A 

Te-0,As-0 

25 

400 

m 

A 

Tv-0 

55 

182 

s 

i 

R 

Ge-Te 

54 

185 

1  s 

P 

!  Ge-Te 

97 


S  ys  tem 

Absorption  , 

Ge-P-Te 

400 

270 

47 

212 

55 

182 

Ge-As-Se 

13 

770 

21 

476 

42 

238 

Ge-P-Se 

[4.5] 

[2220] 

10 

1000 

14.2 

703 

16.0 

625 

20.5 

490 

40 

250 

Ge-P-S 

[41 

2500 

13 

770 

18 

555 

28 

356 

Ge-As-S 

[4] 

2500 

13.7 

730 

As-S 

41 

[2500] 

8.7 

1150 

9.5 

1050 

10.3 

965 

14.8 

675 

TABLE  XXVI 
(continued) 


■ 

Strength 

Observed 

by 

Possible 

Cause 

ns 

A 

Te-0 

m 

Csl 

? 

m 

Csl 

Ge-Te 

s 

R 

Ge-Te 

m 

A 

As-0 

m 

A 

Ge-Se Over tone 

s 

R 

Ge-Se 

vw 

A. 

H.Se 

/ 

m 

A 

P-0 

m 

A 

? 

m 

A 

Se-0 

m 

A 

Ge-Se  Overtone 

s 

R 

Ge-Se 

vw 

A 

h2s 

m 

A 

Ge-S  Overtone 

rrt 

A 

P-S 

s 

R 

Ge-S 

vw 

A 

H2S 

s 

A 

As-0 

vw 

A 

h2s 

vw 

A 

? 

vw 

A 

Si-0 

vw 

A 

? 

s 

A 

As-0 

1 

TABLE  XXVI 


(continued) 


System 

Absorption  , 

Strength 

Observed 

by 

Possible 

Cause 

(Microns) 

(cm  ') 

As-S 

22 

454 

s 

A 

S-S 

(continued) 

26 

374 

m 

KBR 

? 

32 

313 

s 

T13r 

As-S 

33 

300 

s 

R 

As-S 

As-Se 

12.8 

780 

m 

A 

As-0 

37 

270 

w 

TlBr 

As-Se 

44 

226 

s 

TIBr 

As-Se 

46 

217 

s 

R 

As-Se 

51 

196 

w 

TIBr 

? 

40 

250 

w 

TIBr 

As-ee 

Ge-S 

[4] 

[2500] 

vw 

A 

H2S 

9.2 

1090 

w 

A 

Si  -0 

13.1 

765 

s 

A 

Ge-0 

18 

555 

rn 

A 

Ge-0 

20 

500 

m 

A 

S-S 

22 

454 

m 

A 

S-S 

24 

416 

w 

TIBr 

? 

27 

370 

s 

T!  Sr 

Ge-S 

28 

357 

s 

R 

Ge-S 

Ge-Se 

8 

1250 

w 

A 

? 

13 

769 

s 

A 

Ge-0 

18 

555 

m 

A 

Ge-Se  Overtone 

42 

238 

s 

R 

Ge-Se 

St-Se 

25.5 

392 

s 

TIBr 

Si-Se 

39 

256 

— 

m 

TIBr 

|  Se-Se 

99 


TABLE  XXVI 
(Continued) 


System 

Absorr 

(Microns) 

>tion  _j 
(cm  ) 

Strength 

Observed 

by 

Probable 

Cause 

Se 

39 

256 

w 

TIBr 

Se-Se 

P-S 

14.1 

710 

s 

R 

P=S 

18.5 

535 

m 

TJBr 

P-S 

19.3 

518 

A 

S-S 

21.1 

473 

A 

S-S 

27 

370 

m 

TIBr 

? 

P-Se 

25 

400 

w 

TIBr 

? 

27.5 

363 

s 

TIBr 

P-Se 

32 

313 

w 

TIBr 

? 

39 

256 

~ - 1 

w 

1 

TIBr 

Se-Se 

0 


The  thermodynamic  stability  of  tha  oxides  in  the  melt  at  the  compounding 
temperature  (900-1 000°C)  determines,  in  part,  which  oxide  bonds  will  form  and 
remain  stable  in  the  melt.  The  other  factors  that  affect  the  results  are  the 
relative  ratios  between  the  elements.  The  thermodynamic  stability  of  different 
oxides  is  shown  in  Figure  43,  with  the  free  energy  plotted  on  the  left.  The 
greater  the  negative  value,  the  more  stable  the  oxide.  In  the  compounding  tem¬ 
perature  range  the  relative  stability  of  oxides  is 

Si-0  >  P-0  >  C-0  >  Ge-0  >  S-0  >  As-0  >  Te-0  >  Se-0. 

If  a  glass  composition  is  cooled  below  900°C  to  the  annealing  temperature  range 
(300  -  400°C),  there  are  some  changes  in  the  relative  stability  of  oxide,  and 
the  order  becomes 

Si-0  >  P-0  >  Ge-0  >  C-0  >  As-0  >  S-0  >  Te-0  >  Se-0. 

Heating  a  glass  at  low  temperatures  for  long  periods  of  time,  then,  can  change 
the  impurity  absorption  bands. 

Infrared  absorption  bands  of  the  pertinent  oxides  are  shown  in  Table  XXVII. 
The  results  were  obtained  using  KBr  pressed  pellets.  Assigning  a  particular  ab¬ 
sorption  band  in  a  glass  to  a  partic  '  is  complicated  by  several  factors. 

First,  the  high  dielectric  field  of  the  glass  (e  ss  n  )  shifts  the  frequency 
of  the  molecular  vibration  to  lower  frequency.  This  shift  is  usually  attributed 

to  simp-e  electrostatic  interaction  of  an  oscillating  dipole  to  its  surrounding 

23 

of  dielectric  constant  e.  '  Absorptions  of  oxides  observed  using  the  pressed 
KBr  (or  other  low  dielectric  materials)  pellets  may  occur  at  slightly  shorter 
wavelengths  than  in  the  glasses.  Second,  the  frequency  may  be  shifted  because 
of  chemical  bonding  with  the  surroundings  by  the  molecular  grc 

The  stretching  frequency  of  the  Si-0  band  in  Si0_  occurs  at  9.3  microns, 

^  24 

9.3  microns  for  SiO.  in  KBr  pellets,  9  microns  for  interstitial  oxygen  in  silicon, 

L  2  S 

and  10  microns  for  amorphous  Si-0.  The  9.5-10.4  absorption  in  Si-P-Te,  Si-Te, 
and  Si-As-Te  glasses  could  conceivably  be  caused  by  this  absorption.  The  mass 
of  the  silicon  atom  is  not  too  large  relative  to  the  oxygen  atom  (28  to  16). 
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Figure  43  Thermodynamic  Stability  of  Pertinent  Oxides  as 
a  Function  of  Temperature  * 


From  The  Thermochemical  Properties  of  Oxides  and  Fluorides  to  2500oK. 
by  Alvin  Glassner.  Argonne  National  Laboratories  ANL-575Q. 
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TABLE  XXVII 


Infrared  Absorption  of  Pertinent.  Oxides  in 
the  Wavelength  Range  2.5-25  Microns 

(Date  Obtained  from  KBR  Pellets) 


Oxide  Bands  (d) 


*  Si02 

9.3 

(s) 

12.7  (m) 

21.6  (s) 

*'  Ge02 

11.5 

(s) 

18.4  (m) 

Te02 

13.9 

(s) 

17.3  (s) 

(22-25)  general 

As2°3 

9.5 

(vw) 

12.5  (s) 

16.8  (m)  21 . 0  (m) 

Se02 

3.8 

(s) 

6.2  (w) 

9.3  (s)  11.8  (s) 

P205 

6 

(vw) 

8  (m) 

9.2-10  (s)  11  (w) 

*MgO 

20 

(s) 

*A,2°3 

17.3 

(s) 

22.5  (s) 

*Cu20 

16.3 

(s) 

*Fe2°3 

17.4 

(s) 

21.8  (s) 

Impurities  observed  in  10-100  ppm  range  in  starting  materials. 
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I f  an  oxygen  atom  is  bonded  to  a  silicon  atom  which  is  bonded  to  a  very  heavy 
atom,  the  Si-0  stretching  vibration  will  shift  to  lower  frequency.  Thus, 
the  Si-0  stretching  frequency  for  the  O-Si-Te  molecular  groups  found  in  Si-Te 
glasses  (atomic  mass  of  Te  *  127.6)  would  be  shifted  to  lower  frequencies.  In 
the  case  of  the  Ge-0  stretching  vibration,  absorption  for  GeO^  in  KBr  occurs 
at  11.5  microns,  while  interstitial  oxygen  in  germanium  occurs  at  about  the 
same  wavelength,  11.7  microns.2^  The  mass  of  the  germanium  atom  is  already  large 

relative  to  the  oxygen  atom  (72.6  to  16).  The  bonding  of  germanium  to  tellurium 
to  form  the  molecular  species  O-Ge-Te  has  little  effect  on  the  Ge-0  vibrational 
frequency.  The  11.5  bond  is  observed  in  Ge-As-Te  glasses.  Thus,  many  factors 
must  be  considered  in  deciding  the  origin  of  an  absorption.  After  a  detailed 

f- 

study,  Serve  Corporation"’  has  shown  that  the  12.8  micron  band  in  As-Se  and 
Ge-As-Se  glasses  is  the  result  of  As-0  absorption, 

According  to  the  stability  of  the  oxides,  Ge-0  can  form  about  as 
easily  as  As-0  and  produce  a  band  at  11.5  and  perhaps  at  18.4  microns.  A  look 
at  the  stability  order  of  the  oxides  shows  that  carbon  should  reduce  Ge-0  and 
As-0  but  not  Si-0.  This  is  observed.  Silicon  glasses  that  show  the  Si-0  band 
still  show  it  when  they  are  compounded  in  carbon-coated  tubes.  Ge-As-Te  glasses 
compounded  in  carbon-lined  tubes  or  in  tubes  merely  containing  carbon  do  not 
show  these  bands.  In  Ge-As-Te  glass  small  amounts  of  metals  such  as  boron  and 
aluminum,  which  form  very  stable  oxides,  are  also  effective  in  removing'  the 
bands  in  tellurium.  High  purity  arsenic  commonly  contains  magnesium,  silicon, 
copper,  and  iron,  while  semiconductor-grade  silicon  contains  aluminum  and 
magnesium.  It  is  highly  probable  that  these  trace  impurities  are  present  as 
oxides  and  thus  either  produce  undesirable  absorption  in  the  glasses  themselves 
or  act  as  oxide  sources  for  other  elements.  The  infrared  absorption  of  these 
oxides  in  KBr  is  included  in  Table  XXVII  for  reference. 

As  mentioned  earlier,  the  infrared  absorption  of  $ i — G  and  Ge-0  in 
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crystalline  silicon  and  germanium  ’  has  been  studied.  Here,  the  level  of  oxygen 
is  of  the  same  order  as  that  in  the  glasses,  50-100  ppm  by  weight.  The  magnitude 
of  the  absorption  coefficient  at  3  microns  for  silicon  containing  15  ppm  by  weight 
oxygen  is  5  rm  .  The  same  order  of  magnitude  is  observed  for  the  10.4  band 


1  (?4 


je 

i 


in  the  Si-As-Te  glasses.  As  shown  in  Figure  29,  the  absorption  coefficient  at 
10.4  microns  in  SiAsTe^  glass  is  3.5  cm  The  source  of  the  oxides  in  the 
glasses  may  be  the  semiconductor-grade  materials  used  in  sample  preparation. 

Mass  spectrographic  and  emission  spectrographic  analyses  carried  out  in  our 
laboratory  show  trace  impurities  (10-100  ppm  by  weight)  of  germanium,  silicon, 
aluminum,  and  magnesium  are  commonly  r resent. 

c .  Molecular  Vibrations  of  Constituent  Atoms 

Infrared  spectroscopy  has  proved  quite  useful  to  study  bonding  in 
amorphous  oxide  systems,  and  with  much  time  and  effort  many  infrared  reflec¬ 
tion  and  absorption  bands  in  a  single  oxide  glass  system  can  be  identified 

and  assigned.  The  infrared  spectra  of  crystalline  compounds  of  similar  composi¬ 
tion  are  useful  in  identifying  the  origins  of  the  vibrations  in  the  glasses. 

The  task  in  the  non-oxide  chalcogenide  glasses  is  much  more  difficult.  The 
intensity  of  the  absorptions  is  not  great  because  of  th*  very  covalent  nature 
of  the  bonds.  There  are  no  crystalline  analogs  of  known  structure  to  help,  and 
there  is  even  reasonable  doubt  about  what  chemical  bonds  form.  It  appears  only 
the  simplest  vibrations  can  be  identified.  These  would  correspond  to  the  simple 
bond  stretching  vibrations  between  the  major  constituent  atoms.  The  stretching 
vibration  should  be  the  most  intense. 


en 
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Strong  absorption  due  to  the  vibration  of  constitutent  atorr.s  that 

are  infrared  active  can  be  observed  by  infrared  absorption  of  extremely  thin 

samples,  absorption  of  pressed  pellets  containing  a  small  amount  of  the  glass, 

or  infrared  reflection.  The  reflection  method  has  been  applied  before  in  study- 

27 

ing  glass  structures  and  is  quite  convenient.  A  very  strong  absorption  can 
affect  the  reflectivity,  producing  a  reflection  peak.  In  crystalline  solids 
such  reflection  bands  are  called  reststrahlen  bands  and  are  used  for  radiation 
band  separation. 

Normal  reflectivity  is  calculated  from 

R  =  (n  -  1  )2  +  k2  f 
(n  +  l)2  +  k2 
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where 

n  is  the  refractive  index  and 
k  is  the  extinction  coefficient. 

It  is  related  to  the  absorption  coefficient  (a)  by 

4rrk 

*  ‘“T* 

2 

where  X  is  the  wavelength  of  the  absorption.  Normally  h  is  quite  small  relative 
to  the  refractive  index  so  that  it  is  not  included  in  calculating  reflectivity 
(especially  if  the  material  is  transparent).  When  k  becomes  quite  large,  the 

value  of  n  begins  to  drop  (the  optical  constants  are  interdependent,  not  in¬ 
dependent),  producing  first  a  minimum  in  reflection  (on  the  short  wavelength 

side  of  the  maximum  absorption)  and  then  a  rapid  rise  to  a  maximum  value.  The 
reflectivity  then  falls  asymptotically  to  a  value  slightly  higher  than  the  con¬ 
stant  value  that  occurs  bt'ore  the  reflection  band. 


Reflection  hands  obtained  from  several  glass  samples  are  shown  in 
Figure  44.  The  bands  are  found  to  show  the  expected  shape.  In  a  reflection 
band  the  peal;  of  reflectivity,  the  maximum  absorption  wavelength,  and  harmonic 
oscillator  frequency  do  not  occur  at  the  same  wavelength  because  of  the  inter¬ 
relationship  of  the  optical  constants.  The  wave  number  of  the  harmonic  oscillator 

(y  )  and  the  wave  number  of  the  maximum  absorption  (y  )  were  calculated  using 
°  j  -!  max 

the  method  of  Moss.  ‘  The  values  needed  for  the  calculation  are  the  magnitude 

of  maximum  reflectivity,  the  wavelength  location  of  the  maximum  and  mini  jm 
of  the  reflection  band,  and  the  short  wavelength  refractive  index.  The  re¬ 
sults  obtained  for  several  samples  are  shown  in  Table  XXVIII.  In  some  cases 
only  absorption  spectra  were  available.  The  values  obtained  are  given  in  the 
brackets  in  the  ?ast  column  The  absorptions  were  measured  using  pressed  pellets 


of  KBr,  7!3r,  Csl ,  and  polyethylene.  The  reflection  spectra  were  favored  in 
determining  the  frequency  of  a  oarticular  vibration.  Assignments  were  made 
comparing  the  spectra  of  different  glasses.  For  example,  the  Si-Te  vibration 


was  identified  by  comparing  the  spectra  of  Si-As-Te,  Si-P-Te,  and  Si-Te  glasses. 
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%  REFLECTIVITY 
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WAVELENGTH  (MICRONS) 


F i gu  re  44 


IR  Reflection  of  Some  Non-Oxide 


Cbal  cnflMi  H#» 
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TABLE  XXVIII 


System 

Calculated  Wavelanq*4’ 

of  Infrared  Absorption  i 

n  Glasses 

As  a  Resul t  of  the 

Vibration  of  Constituent 

Atoms 

Wave  Number 
f  Calculated 
mum  Absorption 
Frequency 

v  (cm  ' ) 

max'  ' 

Consti tuent 
Atoms 

I nvol ved 

Wavelength 

Reflection 

(microns 

Wave  Number 
of  Calculated  o 

Harmonic  Oscillator  Maxi 
of  Frequency 

v  v  (cm  ) 

_ Q _ 

As-S 

As-S 

32 

291 

307 

T313]  TIBr 

Ge-S 

Ge-S 

27.5 

349 

360 

[370]  TIBr 

Ge-S-Te 

Ge-S 

28 

342. 

355 

— 

Ge-P  *S 

Ge-S 

27 

358 

366 

Si *As-Te 

Si-Te 

31 

307 

322 

[323]  TIBr 

Ge-P-Te 

Ge-Te 

50 

196 

205 

[212]  TIB, 

Si-Se* 

Si-Se 

— 

382 

— 

[392]  TIBr 

Ge-Se 

Ge-Se 

4o 

234 

250 

— 

As-Se 

fls-Se 

44 

21  7  ( f ) 

— 

[226]  KBr 

P-Se 

P-Se 

— 

350(i) 

— 

[363]  KBr 

P-S 

P-S 

-- 

525(i) 

[535]  KBr 

Ge-As-Te 

Ge-Te 

50 

196 

205 

— 

Ge-P-Se 

Ge-Se 

39 

244 

255 

— 

Ge-As-Se 

Ge-Se 

41 

233 

247 

_  —  — 

P-S 

P=S 

14  7 

675^ 

— 

r710]  KBr 

Obtained  from  absorption  data  only 
(+)  Obtained  by  inspection  of  reflection  curve 
($)  Obtained  from,  absorption  curve 
F 1  Obtained  by  absorption 
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The  two  constituent  atoms  responsible  for  the  vibration  are  given  in  the  second 
column  in  Table  XXVIII.  In  cases  where  only  absorption  data  were  available,  the 
maximum  of  absorption  was  taken  to  be  10  cm  ^  greater  than  the  wave  number  of 
the  osci 1 lator. 


The  force  constants  for  the  vibrations  are  calculated  easily  from 


v 


o 


!_ 

2nC 


where  vq  is  the  wave  number  of  the  resonant  frequency  of  the  harmonic  oscillator, 

k  is  the  force  constant,  and  p  is  the  reduced  mass.  If  it  ; s  assumed  that  the 

absorptions  are  due  to  a  simple  diatomic  vibration,  an  estimate  of  the  equilibrium 

interatomic  distance  can  be  obtained  from  Gordy’s  rule  and  the  calculated  force 

28 

constant.  Gordy's  rule  is 


k  =  1 . 6N 


0.30, 


-!  _c 

where  k  is  the  force  constant  in  units  of  cyne  cm  (x  1 0  );  N  is  the  bond  order 

(taken  as  1,  in  this  case);  X^,  X^  the  Pauling  electronegativities  of  the  atoms 
A  and  B;  and  d^g  the  equilibrium  distance  between  atoms  A  and  B. 


Next,  the  interatomic  distances  fer  nine  tentatively  identified  vibrations 
were  calculated.  The  distances  are  compared  to  the  sum  of  the  covalent  radii 
in  Table  XXIX.  Again,  agreement  is  good.  The  only  large  discrepancy  is  in  the 
bond  distance  calculated  for  As-S  and  As-Se  glasses.  Apparently,  these  vibrations 
do  not  fit  tht  simple  diatomic  model.  This  fact  suggests  that  a  more  detailed 
analysis  of  the  infrared  vibrations  may  yield  information  concerning  the  molecular 
arrangements  of  the  constituent  atoms. 


The  equations  for  calculating  the  frequencies  cf  the  normal  vibrations 


for  the  X-Y^  linear  symmetric  molecule,  the  X-Y^  nonlinear  symmetric  molecule 


the  XY,  pyramidal  molecule,  and  the  X-Y.  tetrahedral 

^23  4 

Herzberg  ar.d  programmed  for  computer  calculations. 


molecule  were  taken  from 
The  forms  of  the  equations 
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TABLE  XXIX 


Bond  Distances  Calculated  from  Vibration  Frequencies 


Bond 

1 

E 

u 

o 

d  A 

Calculated 
(Gordy's  Rule) 

d  A 

from  Addition 
Covalent  Radii 

A 

Ge~S 

349 

2.29 

2.24 

+  0.05 

Ge-Se 

234 

2.56 

2.38 

+  0.18 

Ge-Te 

196 

2.61 

2.57 

+  0.04 

As-S 

291 

2.87 

2.21 

+  0.66 

As-Se 

217 

2.89 

2.35 

+  0.54 

Si-Te 

307 

2,35 

2.46 

-  0.11 

Si  -Se 

382 

2.15 

2.27 

-  0.12 

P-S 

525 

2.02 

2.08 

-  0.06 

P-Se 

350 

2.42 

2.22 

+  0.20 

asc^ming  valence  forces  were  used.  The  expressions  involve  atomic  masses,  bond 

lengths,  bond  angles,  and  two  force  constants,  k  and  k5 .  The  first  constant, 

k,  is  a  measure  of  the  restoring  force  in  the  line  of  the  valer.ce  bond.  The 

second,  k6 ,  is  the  measure  of  the  force  opposino  a  change  in  the  angle  between 

23 

two  valence  bonds.  The  magnitude  of  k6  is  about  l  of  k  and  was  assumed  to 
be  this  value  in  all  calculations.  Interatomic  distances  were  taken  as  the  sum 
of  the  covalent  radii.  With  these  equations  and  Gordy's  rule,  the  vibrational 
frequencies  for  molecular  gases  typical  of  the  four  molecule-  configurations 
were  calculated  and  compared  with  the  observed  frequencies.  Agreement  between 
calculated  ar.d  observed  values  was  poor  except  for  the  X-Y^  pyramidal  case. 


A  method  more  suitable  for  polyatomic  force  constant  prediction  has 

29 

been  developed  by  Somayajulu.  This  method  utilizes  the  elemental  covalent 
force  constants  and  electronegativity  to  predict  force  constants.  The  expression 
1  s 


(k 


‘A.A 


•k 

BB 


A, 


where  kAD  is  the  force  constant  between  the  elements  AB ,  k  .  and  k  are  elemental 
AB  AA  BB 

force  constants,  and  A  is  an  ionic  contribution  calculated  from  the  electro¬ 
negativity  difference  between  elements  A  and  B, 

a=I*a  -xbF 

20 

Tables  for  elemental  force  constants  are  given  by  Somayajulu.'"'  Different 

values  for  single,  double,  and  triple  bonds  are  given  for  the  elements  (when 

3 

possible)  as  well  as  constants  for  hybridized  orbitals  such  as  sp  .  Thus, 

for  elements  such  as  silicon  and  germanium,  two  single  bond  force  constants  are 

given,  one  for  the  normal  single  bond  and  one  for  the  tetrahedral  bonding 
•a 

found  with  sp  hybrid  orbital  formation. 


Calculation  using  Somayajulu's  method  yielded  much  Better  agreement 
ho tween  calculated  and  observed  values  for  all  cases  but  the  X-Y^  pyramidal. 
Gordy's  rule  was  used  for  this  case.  The  results  obtained  for  the  gases  C0„ 
(X-Y^  linear),  $02  (X-Y^  non-linear),  AsC^  ''*^3  PVamidal),  and  SiClj. 

(X-Y^  tetrahedral)  are  given  at  the  hot to*n  of  Tible  XXX.  This  table  shows 
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TABLE  XXX 

Calculated  Wave  Numbers  of  the  Normal  Vibrations  of  Pertinent  Molecular  Groups 
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calculated  vibrational  frequencies  for  the  pertinent  molecular  species  which 
may  be  present  in  the  glasses  studied.  The  wave  number  of  the  observed  frequency 
for  the  infrared  active  vibration  attributed  to  each  molecular  group  is  given 
in  the  first  column. 

A  few  remarks  concerning  the  vibrational  frequencies  of  each  molecular 
group  are  in  order.  All  the  frequencies  are  calculated  for  free  molecules. 

In  the  close  association  of  the  solid  environment  the  vibrations  will  decrease 
in  frequency  (generally).  Probably,  the  free  molecule  existence  will  not  be 
maintained  in  the  solid.  It  is  difficult  to  visualize,  for  instance,  a  structural 
arrangement  which  allows  a  diatomic  molecule  to  exist  unbonded  to  the  rest  of 
the  glass  structure.  A  diatomic  vibration  can  accurately  portray  the  observed 
vibration  if  the  diatomic  molecular  group  is  bonded  to  a  much  heavier  atom  in 
the  glass  molecular  arrangement.  The  diatomic  group  could  then  vibrate  independ¬ 
ently. 


A  change  in  the  electric  dipole  of  the  molecule  produced  by  the  vibra¬ 
tional  mode  is  required  if  a  particular  normal  frequency  is  to  be  observed  by 
infrared  absorption.  Some  normal  vibrations  that  are  not  infrared  active  can 
be  observed  by  the  Raman  effect.  Both  the  linear  symmetric  molecule  and 

the  X-Y2  nonlinear  symmetric  molecules  have  three  vibrational  modes.  In  both 
cases  the  Vj  wave  number  corresponds  to  the  symmetric  stretching  vibration,  while 
the  wave  number  corresponds  to  the  unsymmetric  stretch.  The  u ^  wave  number 
represents  the  frequency  of  the  bending  mode.  The  vibration  in  the  linear 
molecule  is  not  infrared  active  because  of  t..e  symmetry  of  the  molecule  (or 
vibration).  It  is  Raman  active. 


Four  wave  numbers  are  listed  for  the  pyramidal  XY^  molecule.  The  wave 
numbers  y.  and  y.  represent  symmetric  vibrations,  while  y,  and  y,  are  for  doubly 

i  z  i  4  ' 

degenerate  unsymmetric  vibrations.  All  four  are  infrared  active  and  all  can 
produce  strong  absorption  bands,  defending  on  the  masses  and  electronegativities 
of  the  individual  atoms  involved.  Of  the  four  wave  numbers  listed  for  the  XY^ 
tetrahedral  configuration,  only  the  triply  degenerate  v.^  and  y^  vibrations  are 
infrared  active. 


M3 


The  observed  absorption  for  Si-Te,  Si-Se,  Ge-Te,  Ge-Se,  and  Ge-S 

agrees  very  well  with  the  wave  number  of  the  calculated  frequency  for  the  symmetric 

stretching  vibration  of  a  X*^  nonlinear  symmetric  molecule.  These  wave  numbers 
are  marked  with  asterisks'  in  Table  XXX.  The  maximum  disagreement  is  -  17%- 
Considering  the  fact  that  at  least  a  5%  decrease  in  frequency  is  expected  when 
the  state  changes  from  gas  to  solid,  the  fit  is  very  good.  The  vibrations  as¬ 
sociated  with  As-Se  and  As-S  glasses  are  quite  different,  as  pointed  out  earlier. 
The  observed  values  are  closer  to  the  calculated  wave  numbers  for  the  y^  vibra¬ 
tion  of  a  pyramidal  molecule  than  any  other  molecular  arrangement  considered. 

Values  observed  for  As-Se  and  As-S  were  found  in  the  binary  glasses.  The  ab¬ 
sorptions  were  not  observed  when  a  group  IVA  element  was  present.  Surprisingly, 
the  P-S,  P“S ,  and  P-Se  vibrations  fit  the  X-Y0  nonlinear  configuration  rather 
than  the  pyramidal,  as  in  the  case  of  arsenic.  This  difference  may  be  related 
to  the  chemical  difference  between  arsenic  arid  the  other  group  VA  elements, 
phosphorus  and  antimony.  The  difference  was  pointed  when  evaluating  the  glass 
forming  composition  regions. 

The  molecular  arrangements  considered  in  these  calculations  are  simple 
ones  that  are  likely  to  form.  However,  there  is  also  good  probability  for  more 
complicated,  less  symmetrical  arrangements.  For  example,  X-Y^  linear  or  X-Y^ 
nonlinear  could  be  unsymmet rieal  Vibrational  frequencies  and  intensities  would 
be  different.  The  location  of  all  (the  fundamentals  would  have  to  be  known  if 
a  truly  definitive  assignment  is  to  be  made.  A  detailed  investigation  of  the 
Raman  active  as  well  as  the  infrared-active  species  would  be  required. 

d.  Infrared  Structural  Conclusions 

The  conclusions  drawn  from  the  assignments  are  simple.  The  group  IVA 
elements  silicon  and  germanium  form  a  zig-zag  type  chain  arrangement  with  the 
chalcogenide.  The  arrangement  for  the  Si-Te  glasses  can  be  visualized  as 


4.  04  A 


'110* 


The  bond  distances  are  the  sum  of  the  covalent  radii;  the  bond  angle  is  about 
110°.  These  were  the  parameters  used  in  the  calculations. 

Infrared  results  for  the  Ge-As-Te  and  Ge-P-Te  glasses  indicate  the 
formation  of  Ge-Te  chains.  They  can  be  visualized  as: 


Again,  the  interatomic  distances  between  the  germanium  and  tellurium  atoms  are 
the  sum  of  the  covalent  radii,  and  the  bond  angle  is  approximately  110°.  These 
are  the  parameters  used  in  the  vibrational  calculations.  In  both  the  Si-Te 
glasses  and  Ge-Te  glasses,  arsenic  may  still  bond  to  the  silicon  or  germanium 
atoms.  Formation  of  such  a  bond  is  not  sterically  hindered  by  the  two  tellurium 
atoms.  The  formation  of  two  more  bonds  is  allowed  for  both  silicon  and  germanium. 
The  effect  on  the  Ge-Te  and  Si-Te  vibrational  frequencies  brought  on  by  the 
addition  of  one  or  two  arsenic  atoms  was  not  calculated. 

Although  the  molecular  arrangement  of  P-S  is  the  same  (from  an  infrared 
standpoint)  as  the  Si-Te  or  Ge-Te,  the  class  structure  is  quite  different.  An 
appreciable  aercentage  of  P^S^  glass  dissolved  in  the  organic  solvent  C$2>^ 

The  infrared  absorption  of  the  extracted  mass  was  almost  identical  to  that  found 
for  crystalline  P2S,..  **  was  concluded  that  small  P-S  molecules  form  in  P-S 
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glasses  and  are  contained  in  a  sulfur  network.  For  this  reason  these  glasses  C- 

show  appreciable  vapor  pressure  and  are  fragile,  weak  solids.  Similar  results 
may  be  expected  for  binaries  of  phosphorus  and  selenium.  The  presence  of  a 
group  IVA  element  undoubtedly  alters  the  structure. 

The  effect  of  the  group  IVA  element  can  be  illustrated  best  by  con¬ 
trasting  the  results  obtained  for  and  Ge2S^  glasses.  The  atomic  masses 

of  germanium  and  arsenic  are  almost  the  same  (72.6  and  74.9,  respectively),  f°n 

their  electronegativities  are  close  (1.8  and  2.0),  and  their  covalent  radii  we®1 

are  almost  identical  (1.22  and  1.19).  The  refractive  indexes  of  As^S^  glass  °f 

and  Ge^S^  glass  at  5  microns  are  2.41  and  2.30.  respectively.  The  densities  are  enei 

3.21  and  3-20.  The  fundamental  absorption  edge  of  the  two  glasses  occurs  in  °f  { 

the  visible;  both  have  a  deep  red  appearance.  The  only  real  difference  is  their  Pre; 

three  dimensional  structure.  In  As^S^  glass,  the  As-S  absorption  fits  a  pyramidal 
molecular  arrangement.  Undoubtedly,  its  structure  contains  many  small  As-S  tur* 

molecules  trapped  in  a  sulfur  network.  Its  softening  point  is  only  about  200^0, 
and  the  thermal  stability  of  the  glass  studied  in  our  laboratory^'  showed  many  p'ot 

small  As-S  molecules  were  liberated  from  the  glass  when  it  was  heated.  On  the 
other  hand,  the  Ge-S  vibration  indicates  a  chain  structure,  the  softening  point 

of  Ge?S_  glass  is  well  over  400°C ,  and  the  glass  is  stable  thermodynamically 
^  J  o  3 1 

to  above  450°C.  The  role  of  the  group  IVA  element  is  that  of  a  chain  former,  mean 

and  this  role  is  thermodynamically  favored  over  the  formation  of  small  VA-VIA  at 

molecules.  will 

wi  th 

In  the  study  of  the  Si-As-Ye  and  Ge-As-Te  glasses,  no  reflection  bands 
were  found  that  could  be  attributed  to  the  As-Te  vibration.  The  observed  bands 
correspond  to  the  Si-Te  and  Ge-Te  bands  in  the  nonlinecr  arrangement.  The  in-  anc' 

f rared  absorption  may  be  too  weak  to  produce  a  reflect:- on  band.  Undoubtedly  wh" 

some  As-Te  bonds  form.  Mass  spectromet: i c  results  show  high  thermal  stability  ' 

for  some  of  the  Si-As-Te  and  Ge- As-Te  glasses.  However,  glasses  with  high  arsenic  Knud 

concentrations  liberate  arsenic  quite  readily.  It  is  quite  Dossible  that  part  t 

of  the  arsenic  present  in  the  ternary  glasses  is  only  loosely  bonded  to  the  a  '* 

chclcogenide  and  contributes  very  1  i  tie  to  t lie  long  range  structure.  The 

-v  c 

same  remarks  apply  to  the  use  of  phosphorus  in  ternary  glasses. 
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by  Tommy  George,  H.  M.  Klein,  and  A.  M.  Bryant 


1 .  Introduction 

A  study  of  the  vapor  in  equilibrium  with  a  solid  or  liquid  can  provide  in¬ 
formation  about  the  molecular  structure  of  the  condensed  phase.  In  addition, 
measurement  of  the  partial  pressure  of  various  equilibrium  species  as  a  function 
of  temperature  yields  thermodynamic  information  that  can  be  related  to  the  binding 
energy  of  the  species  in  the  solid  or  liquid  phase.  Ideally,  the  partial  pressure 
of  each  species  in  the  vapor  phase  will  equal  P^°YA>  where  is  the  vapor 

pressure  of  pure  A,  and  is  the  atom  fraction  of  component  A  in  the  condensed 
phase.  If  the  partial  pressure  of  a  species  is  measured  as  a  function  of  tempera¬ 
ture,  the  differential  heat  of  solution  can  be  obtained  from  the  slope  of  a  plot 
inP  vs  1/T,  where  P  is  the  partial  pressure,  ft  deviation  of  the  slope  of  this 
plot  will  indicate  a  change  in  the  solution  process  or  type  of  association  in 

the  condensed  phase. 

Strong  bonding  in  a  solid,  approaching  that  of  true  compound  formation, 
means  that  the  vapor  pressure  will  be  independent  of  the  composition  of  tf  solid 
at  constant  temperature.  The  measured  vapor  pressure  of  the  equilibrium  species 
will  be  the  dissociation  pressure  of  the  solid,  and  the  variation  of  this  pressure 
with  temperature  will  give  the  dissociation  energy  of  the  solid  compound. 

A  mass  spectrometer  coupled  with  a  Knudsen  cell  provides  a  sensitive 
and  convenient  method  of  analyzing  the  equilibrium  vapor  over  a  solid  material 
while  simultaneously  measuring  the  change  in  the  vapor  pressure  with  temperature. 
The  output  of  the  spectrometer  is  in  arbitrary  units,  I.  The  pressure  in  the 
Knudsen  cell  is  proportional  to  the  absolute  temperature  of  the  cell  multiplied 
by  the  intensity.  If  ideal  behavior  of  the  vapor  in  the  Knudsen  cell  is  assumed, 
a  plot  of  £nlT  vs_  I /T  will  yield  a  straight  line  of  slope  AtWP.  for  each  species 

Summer  Development  Student  in  the  Spectrography  section  of  TPs  Central 
Analytical  Chemi strv  Faoi 1 i ty,  Summer  1965. 


monitored  The  value  of  measured  in  this  way  represents  the  heat  of  vaporization 
or  sublimation,  heat  of  solution,  or  dissociation  energy  of  the  species  mentioned 

2  The  Knudsen  Cel  1 

Figure  45  is  a  photograph  of  the  Knudsen  cell  used  in  this  investigation. 

The  ceil  consisted  of  a  heating  block  into  which  a  quartz  tube  could  be  fitted. 

The  sample  was  olaced  in  the  quartz  tube.  Its  temperature  was  measured  by  means 
of  a  chromel -al umel  thermocouple  imbedded  in  the  bottom  of  the  tube.  The  top 
of  the.  furnace  block  was  a  piece  of  tantalum  foil  in  which  a  0.01-inch  diameter 
hole  was  drilled.  On  top  of  the  tantalum  foil  and  bolted  to  the  furnace  block 
was  a  smaller  heater  so  that  a  10°  differential  temperature  could  be  maintained 
on  the  tantalum  foil.  It  was  neces.ary  to  maintain  the  foil  about  1 0°C  higher 
than  the  sample  to  prevent  condensation  of  vapor  on  the  foil,  which  would  pluo 
the  orifice.  The  temperature  of  the  foil  was  monitored  by  a  thermocouple  attached 
to  the  top  heater  block. 

The  entire  cell  and  furnace  arrangement  was  fitted  into  the  flight  tube  of 
a  Bendix  TOF  mass  spectrometer.  The  vapor  effusing  in  the  form  of  a  molecular 
beam  was  directed  into  the  ionization  region  of  the  spectrometer.  A  magnetically 
operated  shutter  was  placed  between  the  Knudsen  cell  and  the  ionization  source 
to  differentiate  the  species  originating  in  the  Knudsen  cell  from  the  instrumental 
background.  Only  the  shutter-dependent  species  were  monitored. 

To  insure  rhat  the  Knudsen  cell  would  function  as  expected,  the  cell  was 
calibrated  with  pure  arsenic  under  essential’ y  the  same  conditions  used  to  study 
the  glasses.  The  results  of  this  calibration  are  shown  in  Figure  46.  The  value  of 
uH  obtaired  for  sublimation  of  arsenic  was  31.2  kcal .  The  accepted  value  is 
31  kca!.^2 

3 •  Experimental  Results 

The  mass  spectrometer  -  Knudsen  cell  arrangement  has  been  applied  to  the 
qualitative  and  quanti tative  study  of  five  infrared  transmitting  glasses  over 
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Figure  4$  Knudsen  Cell 


% 

119 


T 


the  temperature  range  25°-500°C.  C/er  this  range  the  pressures  inside  the 
Knudsen  cell  were  low  enough  to  insure  that  equilibrium  conditions  were  main¬ 
tained.  The  species  evaporating  from  the  glass  were  monitored,  and  where 
possible,  thermodynamic  studies  were  made  to  determine  AH^.  The  experimental 
results  are  summarized  in  Table  XXXI  and  discussed  in  detail  below. 

a •  S 1 l 5Te85 

Tellurium  was  observed  in  the  vapor  above  about  380°C.  The  Te^  peak 
(mass  258)  was  monitored  up  to  500°C.  No  other  species  were  observed  up  to 
this  temperature.  Figure  47  shows  a  plot  of  the  data  obtained.  From  the  slope 
of  this  line  AH  was  24  kcal  for  Te^. 

b.  Si  - rAs , rTe,  . 

'5  »5  70 

Both  arsenic  and  tellurium  were  observed.  Arsenic  began  to  appear 
about  290°C  and  was  present  up  to  500°C.  Tellurium  appeared  just  below  380°C. 
Figure  47  shows  results  obtained  for  bo^h  As^  and  Te^.  Above  about  360°C  the 
partial  pressure  of  As^  remains  relatively  constant,  contrary  to  what  one  would 
expect  for  simple  dissociation  or  evaporation.  The  initial  slope,  however,  yielded 

a  value  of  35  kcal  for  the  enthalpy  change  of  As.  .  This  value  is  only  about  4 

,  .  32  4 

kcal  higher  than  that  found  for  pure  arsenic. 

The  tellurium  vapor  was  better  behaved.  Analysis  of  the  Te2  data 

yielded  a  value  for  AH  o'  18  kcal.  Again,  this  value  is  somewhat  higher  thar 

32 

the  12  kcal  reported  for  pure  tellurium. 

Cm  Sl l 5As45Te40 

Up  to  400°C  the  only  species  present  in  t »ie  vapor  phase  was  arsenic. 

No  thermodynamic  data  were  obtainable  from  this  glass,  however,  because  of  the 
large  fluctuations  in  arsenic  partial  pressure  inside  tne  Knudsen  cell..  These 
large  fluctuations  were  observed  even  when  the  temperature  was  maintained  con¬ 
stant.  It  was  tentatively  concluded  tnat  the  arsenic  was  not  evenly  dispersed 
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in  the  glass,  but  rather  was  included  in  pockets.  Visual  ex© vd nation  of  the 
glass  after  its  removal  from  the  Knudsen  cell  showed  large  holes  which  could 
have  been  caused  by  arsenic  bubbling  to  the  surface.  X-ray  analysis  supports 
this  picture  of  large  quantities  of  arsenic  inhomogeneous  1 y  dispersed  in  the 
glass  sample. 

d.  Si3qAs15T«5S 

Up  to  500°C  this  glass  showed  no  measurable  species  in  the  vapor  phase. 
Trace  quantities  of  tellurium  and  ars  'ic  were  observed  near  500°C,  though  no 
thermodynamic  data  could  be  obtained.  Traces  of  several  arsenic  oxides  were 
also  observed,  including  As0(91),  As^0^(289),  and  Asi+0^(396). 


e‘  Ge10As20Te70 


Both  arsenic  and  tellurium  were  observed  in  the  vapor.  Arsenic  began 
to  appear  about  260°C ,  while  tellurium  appeared  about  38G°C .  The  partial  pressure 
of  As^  behaved  much  the  same  as  in  the  Si  ^As^Te^g  glass.  mat  is,  above  380°C 
the  As^  partial  pressure  was  independent  of  temperature.  Below  380°C ,  analysis 
of  thv  data  yielded  a  value  of  28  kcal  for  AH  of  As^. 

Measurements  of  the  "ie ^  peak  between  386°  and  450°C  gave  a  AH  of  34 
kcal.  Figure  48  shows  results  obtained  for  arsenic  and  tellurium.  Figure  49 
shows  a  scan  of  the  spectrum  of  Ge^gAs^gTe^Q  taken  above  386°C. 

o 

f- 

Only  arsenic  was  present  up  to  300°C.  The  temperature  was  not  raised 
above  this  point  because  the  pressure  inside  the  Knudsen  cell  was  approaching 
the  point  where  Knudsen  flow  conditions  no  longer  could  be  maintained.  Figure  48 
shows  a  clot  of  log  IT  vs  1/T  for  As^.  The  slope  of  this  plot  yields  a  value 
of  36  kcal  for  AH. 
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figure  48  C 1 ausi us-C I apeyron  Curves,  Ge-As-Te  Glosses 
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The  arsenic  oxide  concentration  was  somewhat  higher  in  this  glass  than 
in  tht  others.  Figure  50  shows  the  spectrum  obtained  for  Go j ^As^Te^.  Masses  91, 
289,  and  396  correspond  to  arsenic  oxides  in  the  glass. 

4 .  Discussion  of  Results 

Only  one  glass,  Si^As^Te^,  failed  to  shew  any  equilibrium  vapor  species 
below  500°C.  All  the  other  glass  compositions  showed  at  least  one  vaDor  species, 
either  arsenic  or  tellurium.  Two  compositions,  Si^As^Te^Q  and  Ge^ gAs^gTe^g, 
produced  both  arsenic  and  tellurium.  There  was  no  evidence  of  binary  or  ternary 
compositions  in  the  vapor  above  the  glasses.  In  every  case  arsenic  was  observable 
below  300°C.  Tellurium  showed  a  rather  constant  appearance  temperature  of  about 
380°C. 

Heats  of  vaporization  were  measured  on  four  of  the  six  glasses  under  study. 
These  measurements  were  made  on  both  tellurium  (as  Te^)  and  arsenic  (as  As^). 

The  values  of  LH  obtained  for  the  two  species,  coupled  with  vapor-phase  behavior, 
have  given  insight  into  the  type  of  bonding  found  in  the  glasses. 

Two  of  the  silicon  glasses  showed  measurable  amounts  of  Te^  in  the  yapor 

phase.  The  heat  of  vaporization  found  for  Te^  from  Si^Teg^  was  24  kcal  ,  while 

Te„  from  Si1rAsIrTe_.  had  a  AH  value  of  only  18  kcal.  In  addition  SilrAs1rTenn 
l  1  b  1  b  7 0  I  b  I  b  /u 

gave  off  As^  with  an  enthalpy  change  of  35  kcal.  The  difference  in  AH  for  Te^ 
in  the  two  glasses  might  be  explained  in  terms  of  the  arsenic.  The  AH  found 
fob  arsenic  indicates  slightly  stronger  bonding  than  in  pure  arsenic.  This 
stronger  bonding  probably  results  from  some  Si-As  interaction  which  produces 
a  considerable  perturbation  of  the  Si-Te  bonding  in  the  Si^As^Te.,g,  reducing  the 
value  of  AH  from  24  kcal  to  18  kcal  in  the  Si-Te  glass. 

As  already  noted,  above  380cC  the  vapor  pressure  of  arsenic  above  the 

3  i .  rAs .  cTe-,n  glass  ».ns  temperature-independent.  Such  behavior  is  possible  if 
ib  1 b  / u 

some  recombination  of  arsenic  takes  place.  The  following  sequence  of  equilibria 
offers  a  possible  explanation. 
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Between  275°C  and  38u°C  the  only  equilibrium  observable  was  one  involving 
arsenic.  If  it  is  assumed  that  this  arsenic  results  from  arsenic  in  the  glass, 
the  eaui librium  could  be  represented  as 


<  300° 

As^  (trapped)  (s)  Z  +  As^  (g) 


0) 


Above  380°C  tellurium  also  exists  in  tne  vapor  phase  so  that  a  second  equilibrium 
is  required. 


>  380° 


2  As2Te3  (s) 


4  AsTe  (s)  +  Te2  (g)  . 


(2) 


If  these  were  the  only  equilibria  present,  the  vapor  pressure  of  both  As^  and 
Te2  could  be  expected  to  increase  with  temperature.  The  fact  that  tne  vapor 
pressure  of  As^  did  not  increase  as  expected  indicates  that  some  recombination 
reaction  occurs. 


At  high  temperatures  Si-As  bonds  form.  Tnus  the  third  equilibrium  could 
be  represented  as 


>380° 

4  SiTe  (s)  +  As^  (g)  -  4  SiTeAs  (s) 


(3) 


Adding  reactions  1,  2,  and  3  will  give  n  overall  reaction  wnich  is  dependent 
only  on  the  vapor  pressure  of  Te2> 


As^  (trapped)  +  2  As  Te,  (s)  +  4  SiTe  (s) 


(4) 


4  AsTe  (s)  +  Te.  (g)  +  SiTeAs  (s) 


(o) 


Exactly  the  same  kind  of  arsenic  hefavio:  was  noted  in  Ge j gAs 2gTe^g. 

It  is  probable,  then,  chat  the  same  sequence  of  equilibria  is  operative  here 
as  in  S i | ^As | ^Te^g.  There  were,  however,  several  significant  differences  in 
the  two  glasses.  First,  the  fH  for  Te2  was  found  to  be  j4  kcal  instead  of  the 
18  kcal  previously  noted,  and  the  cH  for  As^  was  found  to  be  a  somewhat  lower 
28  kcal  Second,  as  Figure  49  shows,  more  arsenic  than  As^  was  found  in  the 
rapor  This  second  observation  is  noteworthy  since  in  pure  arsenic  and  each  of 


the  olfv  r  arsenic-producing  glasses  As^  was  the  predominant  arsenic  species  in 
the  vapor.  It  must  be  assumed,  chen  that  the  arsenic  is  bound  the  same  way  in 

Ge!0As20Te70  as  Sl15As!5Te70' 

The  AH  value  obtained  for  As^  indicates  that  the  Ge-As  interaction  is 
somewhat  weaker  than  in  the  corresponding  Si-As  glass.  The  presence  of  large 
quantities  of  arseric  in  the  vapor  above  GejgAs2gTeyg  indicates  that  arsenic 
is  being  evolved  from  a  source  other  than  As^  molecules.  A  weak  Ge-As  bond 
could  explain  t‘  e  results.  This  Ge-As  bond  does  not  have  to  be  present  in 
the  original  glass  but  could  result  from  the  analog  of  reaction  (3)  above. 

The  high  AH  value  obtained  for  Te^  would  indicate  a  stronger  bonding  of 
tellurium  in  Fe^ gAs^gTa^g  than  in  the  corresponding  silicon  glass.  Part  of 
the  explanation  may  iie  in  the  fact  that  germanium  has  vacant  ci  orbitals  avail 
able  for  bondinq  no*  found  in  silicon.  These  ci  orbitals  could  overlap  with 
the  tellurium  orbitals,  forming  a  considerably  stronger  bond  than  is  possible 
with  si  1  icon. 

The  high  value  of  AH  for  the  evaluation  of  arsenic  from  Ge^As^^Te^g 
cannot  be  explainer  in  terms  chosen  for  the  other  germanium  glass,  "he 
spectrum  above  233°C  (Figure  49)  shows  the  presence  of  arsenic,  with  the  ratio 
of  As ^  to  arsenic  about  equal  to  that  found  for  pure  arsenic.  Comparison  of 
this  glass  with  Si^As^Te^g  shows  a  similar  value  of  AH  for  As^  and  a  similar 
Asj.-to-arsenic  ratio.  Direct  comparisons  are  not  strictly  applicable  between 
Gej  j-As^Te^g  and  the  other  glasses,  however,  because  arsenic  here  is  evolved 
much  below  the  softening  temperature  (see  Table  XXXI),  Thus,  other  effects 
probably  contribute  to  the  enthalpy  change  of  36  kcal . 

The  apparent  stability  of  S i , _As , rTerr  is  of  particular  is  terest.  Not 

■5U  ip  pp 

oniy  is  the  softening  point  relatively  high  (359°C),  but  no  equilibrium  va^or 
spe  l as  were  observed  up  to  500°C.  Such  properties  are  important  in  manufactu 
ing  infrared  transmitting  glasses.  Judging  from  the  behavior  of  the  other 
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silicon-containing  glasses,  the  presence  of  a  large  percentage  of  silicon  causes 
the  good  stability  properties.  The  Sijj.Tegr  y’  ss  shcvs  some  instability  with 
respect  to  tellurium.  A  one-to-one  ratio  ot  silicon  to  arsenic  in  Si^  As^Te 
shows  the  same  instability,  low  softening  point,  and  decomposition.  Increasing 
the  silicon  concentration  at  the  expense  of  tellurium  apparently  takes  advantage 
of  the  strong  Si-As  bond  and  decreases  interference  in  the  formation  cf  Si-Te 
bonds.  A  more  extensive  investigation  will  be  necessary  for  an  understanding 
of  the  exact  nature  of  these  interactions. 

A  more  recent  study  of  a  Ge-Sb-Se  glass  may  provide  a  better  understanding 
of  chemical  bonding  in  infrared  glasses.  In  tnis  glass  the  major  vapor  phase 
species  was  GeSe,  which  began  to  vaporize  about  450°C.  Between  450  and  550°C 
analysis  of  the  data  yielded  44.5  kcal  for  the  heat  of  vaporization  of  GeSe. 


At  575°C,  t'  :  sappeared  from  the  vapor  and  Sb  appeared.  Subsequent 
emission  spectiv.^  c  analysis  of  the  residue  (after  heating  to  600°C) 

showed  no  germanium.  All  the  germanium  had  been  vaporized  in  the  form  of  GeSe. 
The  appearance  temperature  of  sb  in  the  vapor  corresponds  almost  exactly  to 
the  melting  point  of  Sb-Se  .  While  there  is  no  absolute  proof  that  the  source 
of  antimony  is  Sb^Se^ ,  it  is  felt  that  the  appearance  temperature  is  roore  than 
just  coincidental  with  the  meltina  point  of  Sb^Se^. 


It  was  also  noted  that  in  Si  1rAs,  rTe.,rt  and  Gej^As 


15  15  70 


2qT 'e  the  appearance 


temperature  of  tellurium  corresponded  roughly  to  the  melting  point  of  As^Te^. 
While  it  has  not  been  possible  to  veiify  the  existence  of  As2Te^,  it  appc irs 
that  such  a  compound  would  provide  a  logical  source  of  tellurium,  whose  appear¬ 
ance  coincides  with  the  melting  point. 


0  X-Ray  Radial  Distribution  Analysis  of  Amorphous  Materials 
by  R.  D,  Dobrott 

1 .  General 

It  is  well  known  that  the  molecular  structure  of  compounds  can  be  unique¬ 
ly  determined  by  x-ray  diffraction  analysis  when  the  compound  possesses  a 
regular  crystalline  arrangement.  However,  a  regular  arrangement  is  not  neces¬ 
sary  to  observe  diffraction  effects. 

33 

Debye  pointed  out  that  one  or  two  broad,  diffuse  diffraction  bands 
were  produced  by  liquids,  glasses,  resins,  and  unoriented  polymers.  These 
bands  arise  from  the  very  small  degree  of  local  order  which  result?  because 
two  atoms  cannot  be  separated  by  a  distance  smaller  than  the  sum  of  their 
radii.  Therefore,  in  any  solid  amorphous  substance  each  atom  possesses  perma¬ 
nent  neighbors  at  definite  distances  and  in  definite  directions.  However,  the 
vectorial  properties  relating  an  atom  to  its  environment  are  usually  not  the 
same  for  an,  two  atoms.  Therefore,  a  radial  distribution  function,  which 
specifies  the  density  of  atoms  or  electrons  as  a  function  of  the  radial  dis¬ 
tance  from  any  reference  atom  or  electron,  is  the  maximum  structural  informa¬ 
tion  that  can  be  obtained  from  these  broad,  diffuse  diffraction  effects. 

Debye^  showed  that  the  intensity  in  electron  units  scattered  by  an  a- 
morphous  material  at  angle  0  is  given  by 

sins  r 

!-IZf  f  - —  ,  (5) 

m  n  m  n  s  r  v  ' 


where  s  = 


4rr  sin  e 


f  and  f  are  the  scattering  factors  of  mth  and  nth  atoms,  and  r  is  the 
n  n  mn 

distance  between  these  two  atoms.  The  summation  Is  taken  over  all  pairs  of 
atoms  in  the  assemblage.  The  Fourier  integral  theorem  can  be  applied  in  the 

case  where  there  is  only  one  kind  of  atom.  If  the  number  of  atoms  is  N,  equa¬ 
tion  (5)  becomes 


sin  5  r 


I  -  Nf  m 
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(6) 


where  it  is  assumed  that  the  environment  of  one  atom  is  the  same  as  that  of 
any  other  atom.  Then  by  standard  Fourier  transform  methods  the  radial  dis¬ 
tribution  function  ran  be  computed  by 


4nr1 2p (r) 


2 

4rr  r  p  + 
o 


sin  rs  ds , 


(7) 


2 

where  4' i  P(r)  is  the  number  of  atoms  at  distance  r  from  any  atom  and  Pq  is 
the  a  rage  density  of  atoms  in  the  sample.  For  atoms  of  more  than  one  kind 
the  intensity  equation  requation  (5)j  will  only  reduce  to 


I  »  N  I  fm2  +  T.  fm  J4nr2p  (r)  —  ■  — 
Lm  m'  s  r 


dr 


which  unlike  form  (6)  cannot  be  directly  inverted  by  the  Fourier  integral 

theorem  technique,  since  P  (r)  here  is  a  function  of  s .  An  approximation  using 

m 

an  average  atom  when  the  atomic  numbers  are  net  too  widely  separated  does  some- 
times  yield  useful  results.  The  main  difficulty  in  this  method  consists  in 
the  exact  measurement  and  normalization  of  the  intensity  distribution. 

2 .  Application  to  Non-Oxide  Glasses 

X-ray  intensity  measurements  are  taken  using  a  standard  para-focusing 
Norelco  wide  range  goniometer.  A  curved  LiF  crystal  monochromator  is  used  in 
the  diffracted  beam  to  exclude  any  x-radiation  from  fluorescence  of  the  sample. 
Molybdenum  radiation  is  used  so  data  can  be  collected  out  to  large  values  of  s. 
The  data  are  collected  in  air,  and  the  air  scattering  is  assumed  to  be  negli¬ 
gible  compared  with  the  scattering  by  the  heavy  elements  of  these  glasses. 

The  scattered  intensity  was  corrected  for  polarization  by  the  factor 

1  +  cos22p 'cos22P 

2 

1  +  cos  2P' 

where  8 '  is  the  Bragg  angle  of  the  monochromator  and  -  s  the  Bragg  angle  of 
the  specimen. 


The  incoherent  scattering  intensity  was  approximated  by 

’inch  '  Z  '  <f2/Z>  • 

where  Z  is  the  atomic  number  of  the  element  and  f  is  the  normal  scattering  factor. 
The  relative  scattering  power  for  different  atomic  pairs  for  Si-As-Te  and 
Ge-As-Te  glasses  are  given  in  Table  XXXII.  The  intensity  distribution  was  normal¬ 
ized  by  fitting  the  observed  distribution  to  the  theoretical  coherent  plus  in¬ 
coherent  distribution  from  sin  0/X  =  0.8  to  1.1.  The  observed  intensity  dis¬ 
tribution  above  sin  0/x  *  1.1  was  discarded  because  it  contained  several  false 
maxima . 

Figure  5 ^ “55  show  the  radial  distribution  functions  for  the  glass  systems 
S  i  Te^ ,  S  i  j  j-As  j  ^Te^Q  *  S  i  j  ^As^^Te^g  >  S  i  ^gAs  j  ^Te^^  ,  and  Ge|  ^As^^Te^g.  All  the. 
radial  distribution  functions  shows  maxima  at  values  of  R  less  than  2  &  which 
are  necessarily  false.  This  false  detail  arises  from  series  termination  errors 
and  error:  resulting  from  the  average  atom  technique. 

The.  area  ratio  R^rR^  yields  the  most  useful  information.  The  results 
obtained  for  the  glass  systems  studied  are  shown  in  Table  XXXIII.  In  the  SiTe^ 
glc..s  the  1:3  ratio  can  only  be  explained  if  Rj  consists  of  as  many  Si-Te  bonds 
as  possible,  with  the  excess  Te  forming  Te-Te  bonds,  while  Rjj  consists  mainly 

of  Te - Te  interactions.  This  assumption  would  yield  a  high  ratio, 

since  the  Si-Te  interaction  has  only  about  one-fourth  the  scattering  power  of 
a  Te-Te  interaction.  As  shown  earlier  under  infrared  results,  the  radial 
distances  correspond  to  an  arrangement  similar  to 
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TABLE  XXXII 


Relative  Scattering  Power  Between  Variou s  Atomic  Interactions 


Si-Si 
Si -As 
Si -To. 
As -As 
As-Te 
Te-Te 
Ge-Ge 
Ge-As 
Ge-Te 


TABLE  XXXIII 

Radial  Distribution  Areas  for  Si-As-Te  and  Ge-As-Te  Glasses 


-Si- 

-*n- 

— I— II— 

SITe^ 

2.62  A 

4.14  A 

1 :8 

Sl 1 5 A  5 i 5  Te  7  0 

2. 58 

4.12 

1 : 12 

Sl 15As45Te40 

2.52 

3.95 

1  : 5 

Si30Asl 5Te55 

2.50 

4.12 

1:4 

ue15As45Te40 

2.50 

4.02 

1:4 

Note:  Rj  and  R^ 

are  distances 

Tor  nearest  and 

second  neighbor 

interactions  from  the  radial  distribution  function.  R^ : R^ 
is  the  area  ratio  between  nearest  neighbor  peak  and  second 
neighbor  peak. 


— 1-1 

196 

462 
730 
1040 
1 664 
2700 
1020 
1060 
1760 


13  i> 


4  7t  r 


4  7r  r 


Figure  52  Radial 
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Figure  53  Radial  Distribution  Function  of  Si  ^ ^As^Te^ 


•  • 


The  calcu’ated  interatomic  distances  used  in  explaining  the  radial  distribu¬ 
tion  data  are  given  in  Table  XXXIV.  The  Te - Te  second  nearest  neighbor  inter¬ 
action  is  the  same  distance  observed  in  crystalline  Te.  The  ratio  of  1:12 

observed  for  the  Si^As^Te^p  glass  is  evidence  for  the  formation  of  Si-Te  and 
As-Te  bonds.  When  these  bonds  form,  Te-Te  bonds  are  broken,  thus  decreasing 
the  amount  of  R^  observed.  These  same  Te  atoms,  however,  would  still  show  the 
scattering.  Thus,  the  Rj :  R  ^  ratio  decreases  substantially.  In  addition, 
a  shoulder  appears  at  .,.62  &  on  the  second  neighbor  interaction,  probably  indicat¬ 
ing  some  As - As  and  As---Te  second  neighbor  interaction.  The  Si  ^As^^Te,.^  glass 

contains  an  excess  of  As,  so  the  low  ratio  of  1:5  here  indicates  a  fair  number  of 
As-As  bonds,  probably  in  As  tetrahedra.  Also,  the  low  1:4  i  'tio  for  the  Si^gAs^Te 
glass  supports  the  conclusion  that  Te-Te  bond  are  not  present  unless  there  is  an 

excess  of  Te.  This  latter  Si,AAs. -Tecc  distribution  shows  ?  prominent  peak 

5 U  I  p  pp 

at  2.08  &  that  we  are  unable  to  exp-lair.  This  peak  could  conceivably  arise 
from  Si-S:  bonds  forming,  or  from  some  contamination  in  the  sample.  The  onlv 
Ge  glass  completed,  Ge^As^^Te^Q,  fits  this  same  conclusion;  Ge-Te  shows  a  stronger 
scatter  than  >i-Te,  and  hence  the  Rj : ^  ratio  increased  to  1.4. 

The  only  structural  conclusion  which  can  be  drawn  from  this  x-ray  study 
is  that  Si-Te,  Si-As,  and  As-Te  bonds  are  formed  wherever  possible  in  prefer¬ 
ence  to  Si-Si,  As-As  and  Te-Te  bonds.  Many  more  glasses  in  this  series  must 
be  studied  before  knowledge  of  additional  structural  features  could  be  gained. 

At  best,  the  results  could  only  be  qualitative,  since  the  atomic  numbers  of 
the  elements  are  too  widely  spearated  to  us~  an  average  atom.  However,  we  be¬ 
lieve  the  peak  positions  and  area  ratios  obtained  are  accurate,  since  these 
results  lead  to  the  same  conclusions  reached  by  infrared  and  mass  spectrographic 
techniques. 

E.  Summary  of  Structural  Information 

From  all  the  facts  available,  the  following  statements  can  be  made  about 
rhe  Si -As-Te  and  Ge-As-Te  glasses. 


TABLE  XXXIV 


Calculated  Bond  Distances  From  Covalent  Radii 


K 


Si-Si 

2.22 

Si -As 

2.30 

Si-Te 

2.L6 

As -As 

2.38 

As-Te 

2.5^ 

Te-Te 

2.70 

Ge-Ge 

2.45 

Ge-As 

2.42 

Ge-Te 

2.57 

I  Zigzag  chains  of  Si-Te  and  Ge-Te  form  in  Si-As-Te  and  Ge-As-T c  glasses 
X-ray  and  infrared  data  support  this  conclusion. 

2.  Three  types  of  arsenic  are  found. 

a.  Arsenic  bonded  to  tellurium.  The  appearance  temperature  for 
tellurium  corresponds  to  the  melting  point  of  A^Te^.  The  disappearance  of 
the  Rx  (uellurium)  peak  when  arsenic  is  added  indicates  the  formation  of  As-Te 

i 

bonds . 

b.  Free  arsenic  existing  as  molecules.  The  evolution  of  arsenic 
at  the  softening  poi r t  of  the  glass  supports  this  statement.  The  locations 
of  the  glass-forming  regions  indicate  free  arsenic  dissolved  in  the  molten 

gl  ass . 

c.  Arsenic  bonded  to  the  group  iVA  elements  silicon  and  germanium. 
The  location  of  the  glass-forming  composition  reaion  is  affected  by  the  forma¬ 
tion  of  Si-As  and  Ge-As  bonds.  These  bonds  are  stable  at  high  temperature. 

When  the  glass  is  quenched,  they  become  unstable.  Small  amounts  of  heat 
allow  dissociation  and  the  production  of  unbonded  arsenic  in  the  glass.  As 
the  temperature  is  raised,  the  As-IVA  bonds  become  thermodynamically  stable 
again,  and  they  reform. 

3.  In  addition  to  the  primary  bonding  found  in  the  zigzag  chains,  weaker, 
more  distant  bonding  interactions  take  place  between  silicon  and  germani urn  wi th 
tellurium.  The  interaction  is  stronger  between  germanium  and  tellurium  than 
between  silicon  and  tellurium.  Evidence  for  this  fact  is  that  the  heat  of 
vaporization  is  higher  for  tellurium  in  Ge-As-Te  glasses  than  in  Si-As-Te  or 
Si-Te  glasses  Further  evidence  is  that  as  a  rule,  Ge-As-Te  glasses  fall 

above  the  density  vs  molecular  weight  curve.  That  is,  Ge-Te  glasses  form  a 
bit  closer,  dense,*  glass  structure. 


A  truly  quantitative  structural  mode!  of  a  specific  Si-As-Te  or  Ge-As-Te 
qlass  composition  could  be  obtained  by  applying  the  now-developed  structural 
techniques  repeatedly  on  many  different  samples.  Reproducibility  would  be  en- 


hanced  as  experimental  errors  were  reduced  or  eliminated.  As  confidence  in 
the  results  grew,  refinement  in  the  interpretation  could  be  made,  A'though 
such  a  study  would  be  satisfying  from  the  investigator's  standpoint,  it  would 
not  add  significantly  to  the  molecular  structure  picture  already  obtained. 

As  composition  changes,  the  average  structure  changes.  More  important  than  a 
specific  average  structure  for  a  specific  composition  is  a  general  idea  of  the 
type  of  chemicjl  bonding  present  and  how  this  bonding  affects  the  glass  properties. 


TV  CONCLUSIONS 


1.  The  glasses  from  seven  ternary  systems  containing  elements  from  the 
IVA,  VA,  and  VTA  group  v/ere  evaluated  as  high  temperature  infrared  optical 
materials.  Glasses  from  the  Si-As-Te,  Ge-As-Te,  and  Ge-P-Te  systems  show  the 
best  infrared  transmission  of  all  in  the  8  to  14  micron  region.  Attempts  to 
form  glasses  from  systems  based  on  tin  or  boron  failed.  The  effects  on  glass 
properties  produced  by  individual  elements  were  studied  using  four-component 
glasses  formed  as  a  blend  between  two  ternary  systems.  As  a  group  of  materials, 
the  non-oxide  chalcogenide  glasses  can  be  characterized  as  soft,  weak,  low 
softening  glasses  with  large  thermal  coefficients  of  expansion. 

2.  Properties  of  a  specific  glass  composition  are  determined  by  the 
individual  constituent  elements  present  in  the  composition  and  their  relative 
amounts.  In  a  ternary  system  the  relative  amount  of  each  element  that  can 

be  present  is  determined  by  the  location  or  the  glass-forming  composition  region. 
The  location  and  size  of  the  glass-forming  region  depend  or  the  number  of  binary 
compounds  that  can  form  in  the  ternary  system. 

3.  The  non-oxide  chalcogenide  glasses  are  characterized  by  covalent 
bonding.  By  using  a  molar  refraction  approach  and  the  covalent  radius  of  each 
constituent  element,  one  can  Dredict  the  non-di spersi ve  refractive  index  of  a 
specific  glass  composition  within  a  few  percent. 

4.  Almost  all  the  undesirable  absorption  for  wavelengths  less  than  2b 
microns  are  caused  by  trace  impurities  of  metal  oxides. 

5  Non-oxide  chalcogenide  glasses  containing  group  IVA  elements  are 
harder  and  stronger  and  have  higher  softening  points  than  glasses  containing 
group  VA  elements.  Results  obtained  in  a  structural  investigation  of  the  physical 
and  'mical  nature  of  the  glasses  using  x-ray  diffraction,  infrared  spectros- 
coey  and  mass  soec t rome t r /  ndicate  the  grouo  IVA  elements  silicon  and  germanium 


form  zigzaa  chains  with  the  chai cogens,  while  the  group  V A  elements  form  small 
n ’•lecules  which  are  contained  within  a  chalcogen  network.  In  Si-As-Te  and 
Ge-As-Te  glasses  arsenic  is  found  as  unbonded  arsenic  and  arsenic  bonded  to 
tellurium.  At  high  temperatures,  arsenic  forms  bonds  with  silicon  and  germanium. 
In  glasses  containing  only  arsenic,  with  no  group  IVA  element  present,  pyramidal 
molecules  form.  More  than  one  type  of  bond  forms  between  tel  1 urium  wi th  silicon 
and  germanium. 
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APPENDIX  1 


FORMATION  OF  NON-OXIDE  CHALCOGENIPE  GLASSES 


.  .  ,  tU  .  A  I VAe  VA  VIA 

The  gl ass- rormi ng  composition  regions  for  the  glass  system  A  B  C 

x  y  7. 

evaluated  under  this  contract  are  shown  in  Figures  1,  2,  and  3.  Also  included 

are  the  Si-As-Te  system  evaluated  prior  to  the  contract^  and  the  Ge-As-Se 

2 

system  reported  by  Jerger,  et  al . ,  of  Servo  Corporation. 

Figure  1  shows  a  direct  comparison  between  the  glass-forming  competition 
ares  of  the  system  Ge-P-S ,  Ge-P-Se,  and  Ge-P-Te.  The  glass-forming  area  de¬ 
creases  going  from  S  -  Se  -  Te.  A  direct  comparison  of  Si  and  Ge  is  made  in 
Figure  2  by  the  systems  Si-As-Te,  Ge-As-Te,  Si-P-Te,  and  Ge-P-Te.  The  remaining 
systems  Si-Sb-s,  Si-Sb-Se,  and  Ge-As-Se  are  shown  in  Figure  3.  The  direct  com¬ 
parison  of  As  and  P  can  be  obtained  by  comparing  the  composition  area  of  Ge-As-Se 
(Figure  3)  to  Ge-P-Se  (Figure  1). 

From  studying  these  diagrams  the  following  conclusions  can  be  drawn. 

(1)  For  the  formation  of  a  glass,  it  is  normally  necessary  that  a  greater 
amount  of  the  divalent  element  (C^^)  be  present. 

(2)  As  the  atomic  number  of  the  constituent  elements  increases  in  the  series 

Si,  Ge,  Sn  or  P„  As,  Sb  or  S,  Se,  Te,  the  glass-forming  composition  range  decreases 

The  element  As  is  an  exception  to  this  rule.  The  conclusion  concerning  Sn  is  based 

3 

on  very  limited  data.  As  reported  earlier  most  Sn  compositions  form  crystalline 
solids. 

Similar  conclusions  ere  given  in  the  literature  concerning  the  glass-forming 

4 

ease  of  these  elements,  but  the  reacons  for  their  relative  order  has  not  been 
given.  These  relationships  can  be  explained  as  follows. 

(1)  Most  of  the  atoms  >'n  these  glasses  are  normally  bonded  together  in  some 
form  of  amorphous  network,  as  directly  evidenced  by  the  relatively  high  softening 

Contributed  by  Professor  Heinz  Krebs,  Lehrstuhl  fur  Anorganische  Chemie  der 
Technischen  Hcchschule.  Stuttgart,  Germany.  Vis;ting  scientist  at  Texas  Instrument 
summer  19 6>. 


points  of  the  glasses.  When  the  constituent  elements  of  the  glass  are  light 

elements  such  as  P  and  S,  small  molecules  of  P  and  S  can  easily  form  and  fit 

into  the  cavities  of  the  network.  These  molecules  occupy  positions  in  the  glass 

similar  to  those  of  plasticizers  in  plastics  The  small  molecules  of  p.Sot  P,3rl 

h  3  4  5 

P^.S^,  and  P^S^  are  easily  formed  by  P  and  S,  and  they  readily  form  crystals  from 
the  molten  state.  For  this  reason  it  is  not  possible  to  form  a  glass  from  P  and 
S  in  th  composition  range  about  P^S^-  sYstem  As  an*d  ^  ?  the  fornaticn  of 

As^S^  (realgar)  is  well  known.  In  glasses  containing  As  and  S  ,  c-r  P  and  S  it 
should  always  be  kept  in  mind  that  such  molecules  form  and  influence  the  properties 
of  the  glass.  Small  molecules  will  lower  the  softening  point  of  the  glass.  As 
the  tendency  toward  forming  small  molecules  decreases,  the  softening  point  in¬ 
creases.  The  extent  of  small  molecule  formation  may  be  decreased  by  holding  a 
glass  at  its  softening  point  for  periods  of  time.  At  temperatures  above  the 
softening  point  the  tendency  towards  small  molecule  formation  is  greater. 

(2)  The  tetravaient  elements  (AIVA)  in  the  pure  state  do  not  form  a  glass 
because  the  bonding  requirements  can  be  fully  satisfied  only  in  a  tetrahedral  1 y 
ordered  network  (a  crystalline  lattice).  If  Ge  is  evaporated  onto  a  plate,  a 
layer  of  glassy  Ge  forms  in  which  the  valence  requirements  of  some  of  the  Ge  atoms 
are  not  fully  satisfied.  These  atoms  may  ha/e  a  radical-like  nature.  They 
catalyze  the  transformation  of  the  unordered  network  into  the  ordered  network  of 
the  thermodynamically  favored  crystalline  form  when  the  temperature  is  raised 
to  400*C. 5 

The  elements  P,  As,  and  Sb  do  not  form  a  glass  from  the  molten  state.  Glasses 
b  VA  can  be  formed,  as  .n  the  case  of  Ge,  by  evaporation  and  condensation.  Normally, 
red  P  is  prepared  by  heating  white  P.  A  polymerization  of  the  Pj  molecules  takes 
place,  orming  the  highly  polymerized  network  of  red  P.  The  red  P  begins  to 
crystallize  at  ^50  -550°C.  The  glassy  form  of  As  transforms  into  the  crystalline 
y  modification  (metallic  arsenic)  at  270JC  ,  and  Sb  transforms  into  the  metal  at 
room  tempe  ra  ture . 
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Tne  increased  tendency  toward  crystal  * ization  wi th  increasing  atomic  number 
has  two  causes,  First,  the  strength  of  the  bonds  will  decrease  with  atomic  number, 
facilitating  dissociation  and  resultant  rearrangement  and  crystallization.  Second, 
as  the  atomic  number  increases,  the  metalloids  tend  to  form  bonds  with  more  atoms 
than  correspond  to  their  normal  valencv;  thus,  their  coordination  number  increases. 

Choracteristical 1 y,  Sb  ir  the  non-ordered  network  structure  (explosive  antimony) 
as  w  1 1  as  in  the  ordered  crystalline  network  (antimony  metal)  has  three  neighbors  at 
a  short  bond  distance  and  three  (or  two)  neighbors  at  a  little  greater  bond  distance 
(greater  by  ~  2C%).  In  this  way  the  molecular  arrangement  becomes  that  of  a  dis- 

7_q 

tortfcd  octahedron.  Figure  h  is  a  diagram  of  this  arrangement.  The  short  bonds 
(favored)  are  indicated  by  the  solid  lines  and  the  longer  bonds  (unfavored)  by 
the  dashed  line.  The  strength  of  the  normal  oonds  d-creases  when  additional 
bonds  are  formed  in  the  backward  direction.  Because  of  this  ability  to  form 
additional  bonds,  the  heavier  elements  such  as  Sn,  Sb,  and  Te  can  move  easily 
from  site  to  site  in  the  solid  as  the  strength  of  the  bonds  changes  in  different 
directions  as  a  result  of  thermal  motion  of  the  atoms.  Such  a  process  has  a 
very  small  activiation  energy.  The  thermal  energy  needed  for  such  a  rearrange¬ 
ment  process  is  available  at  relatively  low  temperatures.  With  the  light  elements, 
such  as  S,  dissociation  occurs  before  rearrangement  is  possible. 

The  pyramidal  type  arrangement  of  the  bonds  of  the  three  valent  elements  (B^) 
does  not  allow  much  mobility  of  the  atoms  for  rearrangement;  therefore,  the  struc¬ 
ture  of  the  red  P  network  or  the  metallic  form  of  Sb  or  As  is  not  preserved  when 
the  solid  is  melted.  A  liquid  state  with  the  same  bond  system  form  for  these  sub- 
stances  does  no*-  exist.  If  we  mel  t  the  network  of  red  P,  depolymerization  of  the 

network  occurs  and  P.  molecules  are  formed. Metallic  Sb  changes  to  a  NaCl- 

H  1 1 

type  short  range  order  in  which  every  atom  is  surrounded  by  six  atoms  in  the 
form  c '  an  octahedron.  The  difference  between  the  favored  and  unfavored  bond  is 
smearnd  .-it.  In  the  melt,  the  network  structure  of  the  solid  is  changed  to  a 

g 

coordination  picture  which  reflects  the  metallic  character  of  the  liquid  state. 

What  happens,  if  As  is  melted  is  not  known. ^ 
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•  DISTORTED  OCTAHEDRON 
O  REGULAR  OCTAHEDRON 


03  24  3-9/ 12 

Fig.  4  Distorted  Octahedron  'roduced  by  Additional  Bonding 


T_  / 
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Atoms  of  the  elements  S  or  Se  are  very  mobile.  They  form  only  two  bonds 

separated  by  the  bond  angle  I02°-105°.  in  the  melt,  low  and  high  molecular  weight 

6  12 

rings  form.  ’  The  low  molecular  weignt  rings  are  moDile  in  the  melt  because 
of  their  small  size.  The  high  molecular  weight  rings  are  able  to  change  their 
shape  in  the  melt  because  of  free  rotation  around  each  bond.  Their  shape  is 
like  a  long  fiber  closed  in  a  ring  which  is  free  to  move  and  change  its  shape. 

The  atoms  are  therefore  mobile  in  both  the  small  and  the  laroe  rings.  This  melt 

of  high  and  low  molecular  weight  rings  will  form  a  glass  when  it  is  cooled  because 

the  rings  of  different  sizes  cannot  be  ordered  together  to  form  a  crystal. 

The  bonding  system  of  a  glass  will  have  to  be  essentially  the  same  as  that 
of  the  liquid  from  which  it  forms.  Excluding  the  formation  of  the  unfavored 
additional  bonds  of  the  heavy  elements,  the  atoms  of  the  non-oxide  chalcogenide 
glass'  must  be  connected  so  that  every  atom  is  bonded  witl  the  proper  number 
of  other  atoms  to  satisfy  its  valence  requirements.  A  melt  with  a  sufficient 
amount  of  network-forming  character  is  possible  only  if  a  large  number  of  the 
divalent  atoms  are  present.  The  divalent  atoms  produce  the  necessary  mobility  of 
atoms  in  the  melt.  This  is  why  the  non-oxide  chalcogenide  glasses  form  only  when 
large  amounts  of  S,  Se,  cr  Te  are  present.  The  same  factors  apply  to  glasses 
formed  from  the  monovalent  halogens. 

From  a  consideration  of  all  these  factors,  the  decreasing  glass-forming  tendency 
in  the  series  S,  Se,  Te  or  P,  As,  Sb  or  Si,  Ge ,  Sn  can  be  explained  in  the  follow¬ 
ing  way. 

(1)  The  decrease  in  binding  energy  with  increasing  atomic  weight  makes  break¬ 
ing  of  bonds  easier;  therefore,  rea  r  rangement  and  crystal  1 i zation  occur  more  readily. 

(2)  The  formation  of  additional  bonds  (unfavored)  by  the  heavier  elements 
increases  the  tendency  toward  the  rearrangement  reaction.  In  the  systems  P-Te, 

As-Te,  and  Sn-Te  a  glass  will  not  form  from  the  melt,  because  the  tendency  for 
Te  to  form  bonds  in  the  back  direction  i ^  too  great.  Addition  of  the  tetravalent 
fA  )  network-forming  atoms  compensates  this  tendency  and  proauces  a  glass. 
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(3)  If  not  enough  divalent  atoms  (C  )  are  present,  the  atoms  i  i  the  melt 
are  forced  toward  higher  coordination  numbers.  The  difference  between  the  favored 
and  the  unfavored  bonds  is  smeared  out  to  a  certain  extent.  Normal  octanedrons 
can  form  around  the  atoms,  especially  the  heavier  elements.  As  the  melt  is  cooled, 
the  regular  octahedron  is  not  stable.  Rearrangement  must  occur,  and  the  more 
favored  crystalline  form  results. 


The  large  area  for  the  Si-As-Te  system  is  surprising.  It  probably  results 
from  the  fact  that  Si  forms  compounds  with  As  but  not  with  P  or  Sb.  The  Si 


is  probably  not  bonded  to  the  P  or  Sb  ii 
but  is  only  bonded  to  the  S,  Se,  or  Te. 
difficult  to  form.  The  ability  to  form 
a  wide  glass-forming  composition  range. 
Ge  glasses.  The  Ge-As-Te  glass-forming 
that  of  the  Ge-P-Te  system. 


the  systems  Si-f'-Te,  Si-Sb-S,  and  Si-Sb-Se 
Thus,  a  network  structure  is  more 
Si-As  bonds  as  well  as  Si-Te  bonds  produced 
The  same  remarks  can  be  applied  to  the 
composition  region  is  much  larger  than 


Y 


y- 
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